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ABSTRACT 
 
The development of high capacity adsorbent using engineered activated carbon fines 
technology, and their ability to extract gold from solution is presented. The unique 
feature of these adsorbents is their ability to adsorb gold ions from low concentration 
solutions like mine effluent as well as from leached solutions in gold mills. 
Production of polystyrene ion exchange resins containing fine activated carbon 
particles denoted, PSAC, (Polystyrene Activated Carbon) and their gold stripping 
kinetics were studied. Polystyrene beads were prepared by simple suspension 
polymerization. However, addition of fine activated carbon (AC) during suspension 
polymerization was not successful in producing small beads, but rather a 
conglomerated mass, which was then broken up and shaped into smaller beads. PSAC 
beads were also produced by co-extrusion of polystyrene with activated carbon and by 
physical adsorption of activated carbon onto raw polystyrene beads in an autoclave at 
a temperature above the glass transition temperature of polystyrene.  Stripping tests 
were performed which identified the latter bead type as being the most promising 
form of PSAC bead for future research.  The work was aimed at optimizing the 
production of the beads in terms of their physical and chemical properties. This work 
led to the development of a new polystyrene/activated carbon ion exchange bead as an 
alternative to pure activated carbon. A mini-elution column was also designed to carry 
out the test work to study the performance of beads and loaded fine carbon stripping 
parameters under typical industrial conditions. Further development of this research 
may lead to a new method of stripping loaded fine carbon on mine sites as part of the 
existing gold milling and extracting circuits. 
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1 Introduction 
Gold is conventionally leached from oxidized ores using a cyanide solution. Once dissolved, the 
normal practice for recovering the gold from the leach solution is to use coarse particles of 
activated carbon particles to adsorb gold cyanide complexes. This is followed by stripping of the 
gold cyanide complex from activated carbon particles, after loading them into a stripping 
column, by contacting them with a hot caustic solution. This creates a concentrated gold solution 
from which the gold is ultimately recovered by electrowinning.  
In carbon-in-pulp (CIP) and carbon-in-leach (CIL) processes, the activated carbon is mixed with 
ground leached gold ore in a series of agitated tanks. The loaded carbon in the CIP and CIL tanks 
are separated from the ore of each tank (typically by screening the discharge of the tank) with the 
activated carbon being passed to the previous tank while the ore slurry moves along to the next 
tank in series in a counter-current manner. The difference between CIP and CIL is that in the CIP 
process, leaching of the ore and gold adsorption onto activated carbon are accomplished in 
separate agitated tanks (after interstage solid/slurry separation), while in the CIL process, ore, 
carbon and leach solution are agitated together in a single tank.   In either case, the dissolved 
gold cyanide adsorbs onto the activated carbon. However, activated carbon is brittle, which 
makes it susceptible to attrition within the CIP and CIL reactors generating carbon fines within 
the process.  These fines are often laden with gold and can end up passing through screens and 
reporting to the tailings, resulting in a loss of gold. Furthermore, carbon fines cannot be eluted in 
the stripping columns since they will wash down and plug the column and therefore, must be 
sold to a smelter at a discount. Refer to Table 1: Cost of shipping and incinerating of carbon 
fines per year for some Canadian mines in 2012.  For example, in 2012, the Red Lake mine 
produced 34 metric tonne of carbon fines grading 35 ounces of gold per tonne which cost 
$76,296 to sell to a third party; This translates to a loss of almost 4% of the value of the gold in 
the fines, which is $2.02 million dollars, based on a gold price of $1700 per ounce.. In 2016, the 
cost of processing by third party has doubled. Polystyrene based resins have been developed and 
used for gold recovery from dilute cyanide solutions. Resins for purification of gold from dilute 
solutions can be compared to activated carbon adsorption operations. The system where a resin is 
used in place of activated carbon is called resin in pulp (RIP). Similar to carbon in pulp (CIP) 
and carbon in leach (CIL), beads are used in gold processing to adsorb gold from cyanide 
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leached solutions. These resins are typically created by chemical treatment of the raw 
polystyrene (PS) beads. Strong and weak base resins have both been applied to adsorb gold from 
cyanide solutions.  The resins contain surface functional groups that can exchange ions with 
other ions in solution. Such PS based resins are more abrasion resistant, have better selectivity, 
but are more expensive compared to activated carbon. 
Table 1: Cost of shipping and incineration of carbon fines per year for some Canadian mines in 
2012 
Mine Purchaser Quantity of 
Carbon Fines 
(Mt/yr.) 
Average 
Au Content 
oz. per 
tonne 
Value 
$ (10
6
) 
Cost ($)* 
Red Lake Mine Xstrata 
Copper 
34 35 2.02 $76,296 
Campbell 
Complex Mine 
Xstrata 
Copper 
12.5 45 0.96 $28,050 
Musselwhite 
Mine 
Xstrata 
Copper& 
SIPI Metals 
50  28 2.38 $163,625 
Porcupine, 
Dome Mine 
Xstrata 
Copper 
150 65 16.57 $490,875 
Total  246.5  21.93 $758,846 
*Costs based on a gold price of $1700 per oz. 
The objective of the work was to develop a substitute for pure activated carbon to reduce gold 
losses resulting from the generation of carbon fines in CIP and CIL processes. In this work it was 
proposed to explore production of polystyrene ion exchange resins containing fine activated 
carbon particles. The research project focused on establishing a procedure for producing high 
wear resistance beads with carbon fines that yields optimal performance in terms of gold 
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recovery. Research was also carried out to examine the stripping of the beads in a Resin In Pulp 
(RIP) process to explore their use as a substitute for conventional coarse activated carbon.  
This work explored the development of a substitute for pure activated carbon to achieve effective 
gold recovery from high gold concentration solutions, such as leach solutions, and from low gold 
concentration solutions, such as mine effluents. This study outlined several approaches for 
creating composite polystyrene activated carbon beads. The study characterized their 
morphology and performance in gold cyanide adsorption/stripping. This study aimed to 
characterize the morphology (porosity, surface area, size distribution, nature of gold of the beads 
as well as the performance of with polystyrene and the beads (gold elution performance, 
degradation of strength, changes in shape). This work was intended to make a contribution to the 
“state-of-the-art” for gold processing, by developing an engineered polystyrene-activated carbon 
composite bead as a replacement for pure activated carbon in CIP and CIL gold recovery 
process.   
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2 Literature Review 
 CIP and CIL Gold Milling 2.1
A typical industrial gold milling process involves crushing, grinding, leaching and gold 
adsorption through carbon-in-pulp (CIP) or carbon-in-leach (CIL), stripping, Electrowining 
(EW) and gold recovery circuits. Mining of ore can be carried out through underground 
operations or open pit on surface. Typical unit operations of a gold milling plant consist of 
crushing, grinding, gravity concentrating, leaching, CIP circuit, carbon elution and reactivation, 
electro-winning, refining and cyanide destruction. Other possible unit operations include: 
flotation, autoclaving, and CIL.  The ore is crushed using jaw crushers and cone crushers to 
desired sizes that will be introduced to grinding circuit. Grinding is the next stage after crushing, 
where ore is ground in rod or/and ball mills to liberate the gold particles. Water and chemicals 
are added to the grinding circuits to assist in grinding the ore to desirable sizes for leaching.  
If the ore is free milling, the ground ore, in a slurry form, is agitated in leaching tanks with 
addition of cyanide and oxygen to dissolve the gold. The gold leaches from the ore and 
accumulates in the solution. However, some sulphide or refractory ores, require pressure 
oxidations to liberate gold particles. Biological oxidation and flotation concentration are also 
required prior to pressure oxidation for some refractory gold ores. The gold concentration in 
underground gold ores typically varies from 10 g/t to 4.5 g/t for low grade mines to 10 g/t to 35 
g/t for high grade mines. This slurry, then flows by gravity through a series of agitated tanks.  
The contact of the leach solution with carbon occurs in CIP agitated tanks or/and CIL tanks. In 
CIP circuits, the pulp flows by gravity through inter- stage agitated screens from the first CIP 
leach tank to the last CIP leach tank while the carbon is transferred counter current from the last 
adsorption tank of CIP circuit to the first CIP adsorption tank. The fresh carbon is usually 
introduced to the last CIP adsorption tank. Inter-stage safety screens are set up ahead of the 
discharge of each tank to capture carbon that has become relatively fine due to attrition within 
the agitated tanks, thereby removing them from the circuit and limiting further size reductions 
that would result in the gold loaded carbon escaping to the tailings pond. In a CIL circuit, 
leaching and adsorption are taking place in the same tank. The adsorption of gold into carbon is 
exothermic and, therefore, gold adsorption efficiency decreases with increasing temperature. The 
CIP circuits are usually operated in the range of 22oC to 40oC. 
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The total loading of gold onto carbon ranges from 4000 g/t and 12000 g/t before stripping. In the 
stripping circuit, the loaded carbon is transferred from first CIP tank, via a vibrating screen, into 
the pressurized elution vessel.  The loaded carbon is then heated by contacting it with a hot 
caustic solution (NaOH) with a low cyanide concentration to transfer the gold from the activated 
carbon back into solution.  The stripped carbon is then transferred to a kiln for reactivation and 
then returned back to last CIP tank to start the process over again. Figure 1, Figure 2, Figure 3, 
and Figure 4 present a flowsheet for CIP/CIL processing of ore in gold production [1]. 
 
 
Figure 1: Process flow for gold ore dressing 
  
Figure 2: Process flow of CIP/CIL leach  
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Figure 3: Process flow of carbon stripping 
 
 
Figure 4: Process flow of Electrowinning and Dore bar casting 
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 Chemistry of Gold Cyanidation 2.1.1
Leaching of gold using cyanide is the most popular method to dissolve gold in ores, due to its 
relatively low cost and high recovery from various types of ores. The nature of the reaction 
between cyanide, oxygen, and precious metals has been proposed by many researchers [2]: 
Elsners Equation: 
NaOH + NaAu(CN) O  H + NaCN + OAu + 44284 222   Equation 1 
 
 
Janins Equation: 
222 2)(2242 HNaOHCNNaAuOHNaCNAu   Equation 2 
 
 
Bodlaenders Equations 
22222 2)(2242 OHNaOHCNNaAuOOHNaCNAu   Equation 3 
NaOHCNNaAuOHNaCNAu 2)(242 222   Equation 4 
 
The overall equation from summation of Equations 3 and 4 is the same as Elsner’s equation. 
Cyanide is typically introduced into agitated leaching tanks or may be added early in grinding 
circuits. The cyanide concertation used in gold processing varies between 0.15 to 0.30 g/l NaCN. 
The cyanide concentration in the circuit is monitored by manual titration of solution samples or 
with an online cyanide analyzer, such as a TAC1000 [3].   
Oxygen is generally added to the first leaching tank to maintain as high a dissolved oxygen 
concentration as possible in the leach solution because the solubility of oxygen is low in aqueous 
solutions, and the overall rate of leaching is often limited by oxygen mass transport. In 
downstream leaching tanks, oxygen is usually introduced as air and sparged into tanks, resulting 
in relatively lower oxygen concentrations. The oxygen concentrations are maintained at around 
20 to 25 mg/l in the first leach tank and around 5 to 8 mg/l in the last tank at 25
o
C. Oxygen 
concentrations are higher in summer than in winter because the solubility of oxygen is reduced at 
higher temperatures.  
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 Adsorption of the Gold Cyanide Complex onto Activated Carbon 2.1.2
Once dissolved, gold-cyanide ions are typically adsorbed from the leach solution onto activated 
carbon. Activated carbon (AC) is the most common adsorbent for recovering dissolved gold in 
the gold industry. Researchers have investigated the recovery of gold from cyanide solutions 
using activated carbon and focused on both the adsorption and desorption in the CIP and CIL 
processes. Carbon is used because of its large surface area, high adsorption capacity, selectivity, 
high purity standards and low cost. Adsorption tests, to characterize the behavior of activated 
carbon, are usually carried out in column or stirred tank reactors. Parameters such as the average 
particle radius or size distribution, concentration of adsorption sites, loading capacity of the 
carbon, base metal cyanide complexes, and the composition of the stripping/adsorption solution 
are usually studied. Activated carbons generated from natural sources such as coconut shells 
have been used extensively as an ion exchange media for adsorption and elution of the gold 
cyanide complex, Au(CN)2
-
, in carbon-in-pulp and carbon-in-leach gold processes.  Activated 
carbon (AC) can be manufactured from any carbonaceous precursor material including: wood, 
lignite, anthracite, synthetic polymers etc. Activated carbons are prepared by either chemical 
activation or physical activation [4]. The physical activation method is a two-step process. The 
first step involves heating the carbonaceous material to between 450
°
C and 850
°
C in an inert 
atmosphere to drive off volatile components to produce a carburized residue. This carburized 
residue is then partially reacted with oxygen before being cooled under an inert environment. 
This method can produce ACs with specific areas greater than 700 m
2
/g. The chemical activation 
method of AC production is a single step process involving the reaction of the carbonaceous 
precursor with chemical reagents such as: potassium hydroxide, zinc chloride, or phosphoric acid 
at a temperature in the range of 500
°
C to 900
°
C [4]. Activated carbons produced by chemical 
activation often have smaller specific surface areas compared to those prepared by physical 
activation.  
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Table 2 shows the physical properties and chemical adsorption characteristics of AC used in gold 
recovery [4]. 
 
 
 
Table 2: Physical properties and chemical-adsorption characteristics of a physically activated 
coconut-shell carbon typical of those employed in gold-recovery applications  
Physical properties 
Particle density (mercury displacement) 0.80 to 0.85 g/ml 
Bulk density 0.48 to 0.54 g/ml 
Pore volume 0.70 to 0.80 ml/g 
Ball-Pan Hardness (ASTM) 97 to 99% 
Particle-size distribution 1.18 to 2.36 mm 
Ash content 2 to 4% 
Moisture content 1 to 4% 
Chemical-adsorption characteristics 
Surface area (nitrogen BET) 1050 to 1200 m
2
/g 
Iodine number* 1000 to 1150 mg/g 
Carbon tetrachloride number* 60 to 70% 
Benzene number 36 to 40% 
*The iodine number indicates the mass of iodine adsorbed out of aqueous solution under 
standard experimental conditions by 1 g of activated carbon [4]. 
*The carbon tetrachloride number indicates the mass of carbon tetrachloride vapor adsorbed 
under standard experimental conditions by 1 g of activated carbon, expressed as a percentage [4].  
Specific surface area is related to adsorption capacity. In general, more surface area means 
greater adsorption capacity. The surface area is an indirect measure of its capacity for metal or 
contaminant adsorption. There is no consensus on how gold is absorbed by activated carbon. One 
view is that the oxygen in aqueous solutions is reduced by carbon, and the loss of electrons by 
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the activated carbon leaves positively charged sites which adsorbs Au(CN)2
-
 ions according to 
equation 5 [5]. 
 
  OHCNAuCCNAuOHC 22 )(.)(.  
Equation 5 
In contrast, Ibrado et al [6] described the mechanism of adsorption by the following equation: 
n
nn CNAuMCNnAuM ])([)(
22



   
 
  Equation 6 
Where the ion pair (
n
n CNAuM ])([
2

  ) is the adsorbed gold species.  
Gold adsorption onto activated carbon is a fast process. In industrial CIL and CIP circuits, it has 
been suggested that adsorption kinetics of gold onto activated carbon decrease rapidly with time 
as gold adsorption depletes active sites on the surface of carbon and the rate becomes controlled 
by mass transport of gold cyanide species through pores in the activated carbon.   
 Gold Cyanide Elution from Activated Carbon 2.1.3
The activated carbon particles are screened from the ore/leach solution slurry and move counter-
current through the CIL/CIP tanks. After being screened from the first CIL/CIP leach tank, the 
gold bearing activated carbon particles are then moved to an elution column, where the gold is 
stripped using a hot caustic solution that is collected for electrowinning for recovery of metallic 
gold. The desorption reaction is represented by the following equation [7]:
 
 
 
    2
n
n 2
n    nAu(CN) M ads]    [Au(CN)  M      Equation 7 
  
Temperature and pressure (to control flowrate) are the main factors controlled inside an 
industrial elution column throughout the stripping process.  The stripping process usually takes 
about 14 hours. The solution flow rate applied for the stripping of carbon is typically expressed 
in carbon bed volumes per hour (BV/hr).   A bed volume (BV) is defined as the volume of the 
vessel that is occupied by the packed bed of carbon.  In this process, a solution of 1% to 2% 
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sodium hydroxide and 0.1% sodium cyanide is cycled through the carbon column at 95°C at a 
flow rate of ca. 2 BV/hr. 
The parameters that affect the rate of elution of gold from carbon are temperature, concentration 
of cyanide, concentration of caustic, ionic strength of the eluent, water quality and acid pre-
treatment [8]. The effect of temperature and pressure on gold elution has been studied by many 
researchers in the recent years. Most industrial elution columns operate well above 100°C, 
usually around 120°C. It has been suggested that 112°C is a critical temperature for the elution 
process, as shown in Figure 5[9]. The figure also shows that elution efficiency levels off at 
temperatures above 120° C. Temperatures above ca. 120°C to 125°C were found to favor the 
formation of AuCN which can slow elution efficiency [10].  In this regard, other research has 
also indicated that cyanide is required for speedy elution rates of gold from carbon [11] and that 
gold elution may be enhanced by a cyanide pretreatment [8].  The excess cyanide in the strip 
solution also reacts with the functional group on the activated carbon and passivates these 
adsorption sites to prevent readsorption of aurocyanide, thus promoting elution of aurocynide 
[11]. Also, other studies showed that rate of oxidation of cyanide at low temperature are 
independent of particle size and depend on film transfer [12].  The importance of temperature 
control along with the presence cyanide in the stripping solution may be concluded to be due to 
the fact that some gold that on activated carbon present as Au or AuCN and that both of these 
species must be converted to Au(CN)2
- in order to be stripped [8].   
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Figure 5: Effect of temperature on elution efficiency of gold [13] 
 
Elution systems can be categorized into two separate systems: One system, the Zadra system, is 
operated at low pressure at temperatures less than 95
°
C and the other system, the AARL system, 
is highly pressurized (up to 500 KPa) and operates at temperatures as high as 160
°
C. The effect 
of temperature on gold desorption is also shown in Figure 6 [14].  
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Figure 6: Effect of temperature on gold desorption processes [14] 
The desorption process of gold from carbon is slow and usually takes 8 to 48 hours depending on 
the method used [15]. The rate of the process is often limited by slow diffusion of the 
aurocyanide ion from within micropores of the activated carbon particles [15].   
 Acid Washing of Activated Carbon 2.1.4
The accumulation of inorganic and organic compounds on carbon causes detrimental effect on 
gold loading and elution. Carbon circuits can experience carbon-fouling challenges. Carbon 
fouling occurs when carbon adsorbs compounds such as: flocculants, lubricating oil, diesel oils, 
pH modifiers, carbonates, salts, soluble minerals and flotation reagents. This results in an 
isolated proportion of the carbon surface becoming unavailable for gold cyanide adsorption.  In 
general, fouling  slows down the adsorption rate and reduces the loading capacity of gold in the 
carbon circuits.  
Many organics can be volatilized from the activated carbon by heating the carbon in a kiln at a 
temperature between 500
°
C to 800
°
C. Therefore, gold processing plant usually have a kiln as part 
of the carbon and stripping circuits to reactivate carbon. In this process of thermal reactivating of 
carbon, important factors to be considered are: temperature, time to process of carbon through 
kiln, water consumption to cool hot carbon, moisture content of the carbon, and the equipment 
used. Reactivated carbon is quenched in warm water to avoid extreme thermal shocks on the 
carbon and so mitigate degradation of carbon.  
Several inorganic compounds such as: carbonates, sodium salts, silicates, and clays, can also 
precipitate on the activated carbon surface. During the gold extraction process lime (CaO) and 
slaked lime Ca(OH)2 are added to slurry to control pH and prevent high levels of hydrogen 
cyanide. As such, calcium carbonate is a common precipitate on the carbon used in carbon 
circuits. The majority of these inorganic compounds can be dissolved off the activated carbon by 
acid washing of carbon. The acid washing can be carried out prior to stripping of gold or after 
the carbon is stripped.  Hydrochloric (HCl) or nitric acid (HNO3) are typically used to dissolve 
inorganic foulants in industry. In practice, the acid is recycled through a packed column of 
carbon until the desired pH is reached, then the carbon is rinsed. This process does not affect the 
adsorbed gold cyanide species. In industry, HCl is more common as it is cheaper.  It is used at 
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concentrations of 1 to 5% by weight at temperatures from room temperature to as high as 85
°
C. 
Higher concentrations usually work much better when calcium levels on the carbon are higher 
than ca. 2%. The washing efficiency can be affected by: acid concentration, acid flow rate, and 
process residences time. The issue with using HCl for carbon washing is accumulation of 
chloride ions within the process, which are corrosive to steel. Using nitric acid can eliminate the 
corrosion issues for gold processing equipment, but can cause deactivation of carbon surfaces. 
 Gold Losses due to Attrition of Activated Carbon 2.1.5
The coarse carbon which is used in the gold industry is about 30-mesh (0.595 mm) or greater in 
size and is added to the ore/leach solution slurry in the CIP/CIL circuit to adsorb gold as gold 
cyanide. Activated carbon is quite easily crumbled and small fine carbon particles are generated 
in this process that can result in losses as they pass through the 30 mesh screens. The activated 
carbon losses (and associated losses of gold) in gold extraction streams may be attributed to the 
followings causes [7]: 
 Carbon-grit attrition in slurry systems (CIP, CIL) 
 Carbon-carbon attrition in solution and slurry systems (CIP, CIL, CIC, elution, and acid 
washing 
 Carbon-carbon, and carbon-steel attrition in drying systems (transfer, thermal 
reactivation) 
 Carbon breakage during transfer (in pumps, educators and on screens) 
 Breakage due to thermal shock during reactivation and quenching 
 Chemical shock or during removal of carbon-inorganic composites. 
As a result of high potential losses of gold adsorbed onto the carbon fines, many gold and 
precious metal producing sites use various methods of collecting the carbon fines. These 
methods include flocculation and filtration systems, but these methods do not recover all of the 
carbon fines. At many gold mine sites, when sufficient amounts of carbon fines are collected, 
they are bagged and sold to smelters. This leads to added costs of about 3 to 4 percent of the 
value of the gold in the fine carbon. A proposed method for recovering gold from fine carbon 
involves mixing of collected fine carbon with fresh coarse carbon and an aqueous solution to 
transfer the gold from the fine carbon to the coarse carbon [16]. However, this method involves 
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agitation and again some carbon breaks up. In addition, the adsorption efficiency is a function of 
many different parameters such as: solution pH, free cyanide, base metal ion and activated 
carbon concentrations, which limits the effectiveness of this process and makes gold recovery 
difficult to optimize and control.  In order to obviate the problem of carbon fines generation, 
polystyrene based ion-exchange resins may be used as a substitute for activated carbon.  The 
properties of polystyrene based ion-exchange resins are discussed in the proceeding section. 
 Polystyrene Based Ion-Exchange Resins 2.2
Polystyrene is the main resin material used in hydrometallurgical ion-exchange processes. The 
chemical and physical attributes of polystyrene that make it suitable as a support structure for 
ion-exchange beads has been detailed by Sherrington [17]. Polystyrene is relatively cheap, has a 
glass transition temperature of about 100°C, a melting point of 240°C and is very chemically 
resistant to strong alkaline solutions, so it’s a natural choice for use in gold processing. 
Commercial resins are usually produced using polystyrene-divinyl benzene, PS-DVB, copolymer 
beads. DVB addition controls the degree of cross-linking (See Figure 7), which increases 
mechanical strength of resins and ion exchange selectivity. Ion exchange resins based on PS-
DVB beads are also widely used in treatment of waste streams [18]. Crossed linked polymers 
undergo less swelling when put in solution. However, cross-linking decreases ion exchange 
capacity, rate of ion exchange, and abrasion resistance. 
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Figure 7: The structure of polystyrene, divinyl benzene, and polystyrene-divinyl benzene 
copolymer [19] 
 The application of PS-DVB based ion exchange resins in gold recovery has gained momentum 
in the last several years.  PS-DVB based resins have higher mechanical durability in agitated 
environment than activated carbon [20,21]. However, such resins for ion-exchange of gold-
cyanide, though promising, have not been widely adopted as a substitute for activated carbon 
[22], partly due to their relatively high costs for the initial resin inventory [23]. Notwithstanding, 
strong-base resins (SBR) are used at Golden Jubilee, Muruntau, and Stilfontein Mines, because 
of their high capacity and good kinetics. Gold recovery varied from 85 to 95%.  Eluants used to 
strip the gold from the resins include zinc cyanide, thiourea and thiocyanate [24]. Weak-base 
resins have demonstrated good selectivity; however, they show lower capacity. Synthetic resins 
offer advantages in several aspects of gold processing such as: high loading, fast kinetics, easy 
reactivation, low inventory and, most of all, lower operating costs. Others advantages include: 
resistance to attrition and resistance to chemical attack [25]. Resins can be used to recover gold 
from high and low grade gold ores [26]. Ion exchange beads are normally produced using beads 
in the range of 0.25 to 0.60 mm in diameter, resulting in high surface area to volume ratios. As 
mentioned previously, the physical strength of the beads depends on the matrix structure, 
specifically the degree of cross-linking in the beads. The maximum operating temperature for 
most of commercially available PS-DVB based beads is in the range of 60°C to 70°C.  However, 
some types of resins can be treated at as high as 120°C.  The relatively low temperature range 
limit is more likely related to degradation of the chemically functionalized ion-exchange groups 
on the beads rather than a limit for degradation of the PS-DVB resin itself. As indicated in Figure 
8, polystyrene remains glassy and hard at temperatures less than ca. 80°C, and though it softens 
above the glass transition temperature, it does not begin to exhibit rubbery flow until a 
temperature in excess of ca. 160°C. Hence, the matrix of the beads should be able to handle 
thermal and osmotic shocks resulting from the repeated exposure to acid and high alkaline 
solutions that occur in CIP and CIL processes, but chemical degradation of the functional groups 
is a concern. 
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Figure 8: Effect of temperature on mechanical properties of polystyrene [27] 
A bead that combines the wear resistance of chemically functionalized PS-DVB beads with the 
chemical stability of activated carbon is desirable.  The possible routes for production of such 
PS-AC beads for ion exchange purposes in explored in the proceeding sections.   
 Suspension Polymerization of Polystyrene Beads 2.2.1
Polystyrene beads that are used to manufacture ion-exchange resins are typically produced by 
suspension polymerization. Water insoluble monomers and initiators are suspended as droplets in 
a continuous aqueous phase. Polymerization within the droplet proceeds by transfer of free 
radical from one molecule to another. In suspension polymerization, benzoyl peroxide (BPO) is 
usually used as initiator for the formation of free radicals needed to begin the polymerization. 
BPO requires temperatures higher than 60℃ to decompose to form free radicals. The main 
reaction involves the benzoyl radical addition to the tail end of the styrene monomer to initiate 
chain growth.
 
As the suspended droplets polymerize they harden and form the raw beads onto 
which functional groups may be added to form ion-exchange beads. 
 18 
   
 Polystyrene/Activated Carbon Materials 2.2.2
There are numerous reports describing the production of polystyrene/activated carbon materials.  
Such materials must be produced in a manner so that a strong bond is formed between the 
materials. Sufficient cohesive strength is necessary and essential so that the two materials don’t 
come apart when performing its desired function. The bonding between two different surfaces of 
materials can be achieved by: mechanical attachment, flame treatment, plasma treatment, UV 
radiation, chemical oxidation with oxidizing agents, and functional groups by surface chemical 
grafting [28].   
Previous reports indicate that polystyrene/activated carbon, PSAC, materials can be prepared by 
suspension polymerization of styrene or styrene/di-vinyl benzene [29, 30].  A modified 
suspension polymerization process was described, whereby the styrene was polymerized 
overnight at room temperature to make it viscous before introduction of activated carbon [30]. 
The results of the above was production of a water expandable PSAC membrane rather than 
beads. An aqueous environment was necessary for production of PSAC because water acted as a 
wetting agent that improved adhesion between activated carbon and the matrix of polystyrene.  
Water was found to be a suitable wetting agent because it is a polar molecule with one end 
attracted to carbon and the other to the polymer [31]. Activated carbon also has a very large 
surface area and is a strong water absorbent. Additionally, there are descriptions for the 
manufacture of PSAC by co-extrusion of polystyrene and activated carbon [32].   
 Functionalization of Polystyrene Beads for Ion-Exchange Applications 2.2.3
Ion exchange resins are made of two parts: resin which provides the structural support and the 
functional groups which are responsible for the interaction with the ions of interest in the 
aqueous solution. Porous functionalized polymers are widely used for ion exchange [33,34]. 
Polystyrene ion-exchange resins are traditionally produced by chemical treatment of the 
polystyrene or polystyrene/di-vinyl benzene, PS-DVB, copolymer beads [35], or by functional 
monomer copolymerization [36]. Functionalized porous polymers beads are used in ion 
exchange systems for extraction of metals from solutions. The elution systems available for 
treating loaded resins operate at low temperature and low pressure. However, the literature 
review indicated that there is no information on making PS beads that are functionalized with 
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activated carbon for gold ion exchange applications. This study will focus on evaluating various 
technologies for production of polystyrene-activated carbon beads under typical gold CIP and 
CIL industrial conditions. 
 Summary 2.3
Polystyrene beads are used to make ion-exchange resins that are suitable for use in gold 
processing.  Such beads are typically produced by chemical functionalization of raw beads that 
were produced by suspension polymerization.  Other research indicates that 
polystyrene/activated carbon, PSAC, can be made by addition of activated carbon during 
polymerization or by co-extrusion of activated carbon and polystyrene, the former method being 
used to create a membrane product that can be used for ion-exchange.  The approach of this 
thesis will be to make PSAC beads, first by adding AC carbon fines during suspension 
polymerization and also by co-extrusion.  The morphology  and performance of the beads for 
adsorption/desorption of gold-cyanide  under industrial conditions will then be tested. 
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3 Experimental Details 
This section describes the apparatus, reagents and experimental procedures utilized in the course 
of this investigation. The first section describes the experimental details of methods used for 
study of the production of PS-AC beads by suspension polymerization experiments. The details 
of co-extrusion experiments as another method of producing PS-AC beads are also described.   
Particulars of the experiments producing activated carbon coated polystyrene beads conducted in 
autoclaves are also described. The characterization techniques which were used to complement 
and support the findings of the experiments are also outlined.  The factorial design method for 
creating a block of experiments to test the effects of experimental variables at discrete values is 
also described.  Finally, the techniques used to characterize the performance of the PS-AC beads 
for gold-cyanide ion exchange are outlined. 
 Experimental Methods for Production of PS-AC Beads 3.1
This first section provides details of the suspension polymerization experiments. Next, the 
experiments where PS-AC was produced by co-extrusion of polystyrene and activated carbon are 
described. The details of the experiments for producing activated carbon coated polystyrene 
beads conducted in autoclaves are then described.  
 Suspension Polymerization Experiments 3.1.1
The first approach to making PS-AC beads was to add fine activated carbon during suspension 
polymerization of polystyrene to see if beads could be created and simultaneously functionalized 
with activated carbon. The set-up for the suspension polymerization experiments employed a one 
litre four-necked reaction kettle equipped with: an impeller (with a speed controller), a 
condenser, and nitrogen gas inlet tube. A hot plate equipped with a temperature controller was 
used to heat up a bath of glycerol, in which the kettle reactor was partially immersed, to a 
temperature of 95°C.  
The condenser was connected to the kettle reactor through one of the four openings. A standard 
tapered stopper was used at the top of the condenser to prevent oxygen ingress. Nitrogen gas was 
also introduced when needed through one of the openings connected to the condenser. The 
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nitrogen flow rate to the system was regulated through manipulation of the needle valve of the 
pressure regulator on the nitrogen cylinder.   
Figure 9 shows the set up for the system. 
 
Figure 9: Laboratory set-up of suspension polymerization experiments 
Initial suspension polymerization experiments were conducted to produce pure polystyrene beads 
according to a published laboratory preparation procedure [37].  At the start of the experiment, 
600mL of distilled water (Barnstead RO pure LP system equipped with a Nano pure II polishing 
filter) was poured into the kettle and stirring was initiated. This was followed by the addition of a 
mixture of 0.5 grams of poly(vinyl alcohol), PVA, (99+% hydrolyzed, Sigma-Aldrich), and 0.1 
gram of calcium phosphate (purum p.a. grade, Sigma-Aldrich).  Poly(vinyl alcohol) is a 
hydrophilic semi-crystalline polymer that was added as a protective colloidal agent to prevent 
coalescence of the styrene droplets [38]. Heating continued until a temperature of 95 °C was 
reached.  In the meantime, a second separate mixture of 0.5 grams of benzoyl peroxide, BoP, 
(Luperox A98, reagent grade >98%, Sigma-Aldrich) and 0.25 grams of oil mineral (Sigma-
Aldrich) was prepared. Benzoyl Peroxide was added as the polymerization initiator. Just prior to 
addition to the kettle reactor, the prepared mixture was dissolved in 50 grams of styrene 
(reagentPlus grade >99%, Sigma-Aldrich).  The entire mixture was then immediately added 
through one of the feeding openings of the kettle reactor. The nitrogen flow was shut off for 15 
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minutes after introducing the second mixture. The system was then monitored for three hours. 
After the three hours had elapsed, the water to the condenser was shut off, stirring was stopped 
and the hot plate was switched off, and the system was left to cool down to room temperature. A 
summary of the experimental conditions appears in the table below. The polystyrene beads 
produced were filtered, washed with water and allowed to dry at room temperature.  Selected 
batches of beads were screened to measure their size distribution. 
Table 3: Polymerization conditions 
Water 600 ml 
Impeller speed 1500 to 2200 RPM 
Temperature 90
o
C to 95
o
C 
Polyvinyl alcohol (PVA) 0.5 gr 
calcium phosphate (CaPo4) 0.1 gr 
Benzoyl peroxide (BoP)  0.5 gr 
Styrene 50 gr 
Nujol ( in form of Oil Mineral)  0.25 gr 
 
Later experiments, where varying amounts of activated carbon particles, between 0.15 to 1 gr, 
were added to the styrene prior to suspension polymerization, were conducted in an attempt to 
produce PSAC beads.  The full set of experimental conditions explored appears in Table 4.   In 
the first set of experiments, 1 to 10, wood based activated charcoal particles (100-400 mesh, 
Sigma-Aldrich) were added as part of styrene-initiator mixture just before being added to the 
kettle reactor, as previously described.  In subsequent experiments, 11 to 13, the styrene-BoP 
mixture was allowed to polymerize overnight at room temperature under a nitrogen atmosphere 
prior to suspension polymerization in the kettle reactor.  
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Table 4: Composition of mixtures for suspension polymerization tests for production of PSAC 
beads 
 Aqueous (Mixture #1) Organic (Mixture#2) 
Test 
No. 
PVA (g) CaPO4 (g) BoP 
(g) 
AC (g) Styrene 
(g) 
Water 
(g) 
PS 
(gr) 
Nujol 
1 0.5 0.1 0.15 0.15 47   0.1 
2 0.5 0.1 0.15 0.15 47   0.1 
3 0.5 0.1 0.15 0.15 47 7.5 15  
4 0 0 0.15 1.1 47    
5 0 0 0.20 0.48 47    
6 0 0 0.15 1 47    
7 0 0 0.15 1.09 47    
8 0 0 0.15 1.1 47    
9 0 0 0.15 0.48 47    
10 0.5 0.1 0.15 0 47 7.5  0.1 
11 0.15 0.21 0.15 1.0 47    
12 0 0 0.15 1.0 47   0.1 
13 0.5 0.1 0.50 0.14 50    
 
The previously described polymerization experiments were all conducted under agitation to 
suspend the polymerizing styrene as droplets within a continuous aqueous phase to form 
polystyrene beads.  In a final experiment, the styrene-BoP mixture was simply poured into a flat-
bottom reactor containing one gram of loaded activated carbon fines that were provide by 
Goldcorp from their Musselwhite circuit (produced from coconut shells, 15 micron average 
particle size, originally supplied by Quadra Chemicals Ltd.).  The mixture was heated to 90°C, 
using a glycerine bath and held overnight without stirring under a nitrogen atmosphere to create 
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a PSAC membrane. A schematic diagram of the set-up for the aforementioned experiment is 
shown in Figure 10.  
  
Figure 10: Schematic diagram of set-up for producing a sheet of PSAC  
 Co-Extrusion Experiments 3.1.2
Co-extrusion of activated carbon fines with polystyrene was tested as a method to produce PSAC 
ion exchange resins for gold recovery. PSAC pellets were made using a Dynisco laboratory 
mixer/extruder, LME, equipped with a take-up-system, TUS, and laboratory extruder chopper, 
LEC, as illustrated in Figure 11. Loaded activated carbon (AC) fines from the Musselwhite 
circuit (produced from coconut shells, 15 micron average particle size, originally supplied by 
Quadra Chemicals Ltd.) were added with polystyrene, PS, pellets (average MW > 192000, 
Sigma-Aldrich) to the hopper of the LME in a 1:1 mass ratio.  The extrusion temperature was set 
to 350°C, which was well above the melting point of polystyrene. The resulting mixture of 
carbon fines and polystyrene beads was drawn through the outlet die of the mixer by the take-up-
system to produce a continuous strand of polystyrene/activated carbon that was fed to the 
chopper, which cut it into pellets. 
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Figure 11: Dynisco laboratory mixer/extruder, take-up-system, and laboratory extruder chopper 
[39] 
 Autoclave Experiments 3.1.3
In these experiments, it was attempted to coat activated carbon fines onto pure polystyrene beads 
to produce activated carbon functionalized ion exchange beads under hydrothermal conditions. 
Initial scoping experiments at Laurentian University were carried out by adding various amounts 
of polystyrene beads (average MW > 192000, Sigma-Aldrich) with fresh activated carbon fines 
(produced from coconut shells, 15 micron average particle size, originally supplied by Quadra 
Chemicals Ltd.) to 1 L of ultrapure deionized water (Barnstead RO pure LP system equipped 
with a Nano pure II polishing filter) in a 1.8 L Titanium autoclave, Parr floor-stand Model 4574, 
equipped with a standard temperature/speed controller, Parr Model 4843. 
 The autoclave was sealed and heated to the desired temperature under constant stirring at 450 
rpm using a single 4-blade impeller mounted on the end of the stirring shaft. Once the 
temperature setpoint was achieved, the stirrer speed was adjusted to the desired value.  The 
temperature setpoint was typically selected to be at a value above 100 °C, the glass transition 
temperature of polystyrene, but below 240 °C, the melting point of polystyrene.  Constant 
stirring was employed to maintain suspension of the polystyrene beads and avoid agglomeration 
of the beads.  The autoclave setup is shown in Figure 12.  
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Figure 12: Autoclave setup at Laurentian University 
After a specified time at the temperature setpoint, heating was shut off and tap water was passed 
through the autoclave’s internal cooling coils.  When the autoclave’s handles became cool to the 
touch (the contents of the autoclave were also cool at this point), the autoclave was lifted out, 
and its contents vacuum filtered using a 250 mm Porcelain Buchner Filter Funnel.  The contents 
of the filter were then washed with distilled water and the collected beads were set aside for 
analysis. Experimental details of the autoclave experiments conducted at Laurentian University 
appear in the following Table: 
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Table 5: Experimental conditions for hydrothermal production of activated carbon coated PS 
beads conducted at Laurentian University 
Test 
Carbon 
(gr) 
Beads 
(gr) 
Temp. 
(
o
C) 
Impeller 
Speed 
(rpm) 
Water 
(ml) 
Time 
reaching 
Time 
No. Temp. after 
 Setpoint reaching 
 (min) Temp. 
Setpoint 
  (min) 
1 10 10 150 450 1000 90 30 
2 8.25 10 145 450 800 90 40 
3 15 30 145 450 800 90 25 
4 28 70 145 450 900 90 25 
5 10 70 140 450 1000 90 30 
6 10 70 130 630 1000 90 30 
7 10 70 130 960 1000 90 30 
8 10 70 120 960 1000 90 30 
9 10 70 120 1000 1000 90 20 
10 10 70 145 1050 1000 90 30 
11 10 70 145 650 1000 90 20 
Later, similar experiments were carried out using 71 to 85 grams of polystyrene beads (average 
MW > 192000, Sigma-Aldrich). The PS beads were placed into s a 1 L titanium autoclave, Parr 
instrument, Model 4382, equipped with a standard temperature/speed controller. Then 400 mL, 
deionized water and 2.0 grams of activated carbon was added to the reactor. The autoclave was 
sealed and heated to 130°C or 145°C under constant stirring at 970 to 1400 rpm using a single 4-
blade impeller mounted on the end of the stirring shaft.  Constant stirring was employed to 
maintain suspension of the polystyrene beads and avoid agglomeration. After a predetermined 
time at the temperature setpoint, heating was shut off and the contents cooled.  The contents of 
the autoclave were then filtered, washed with distilled water and the resulting beads and filtrate 
were set aside for analyses. The filtrate solution with the residual carbon fines was collected 
from the filtering process for each experiment and put in oven overnight at 90°C to dry and be 
weighed the next day in order to back-calculate the mass of carbon fines that had adhered to the 
beads. The autoclave setup is shown in Figure 13.  
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Figure 13: Autoclave setup at Lakehead University 
 Factorial Experiments 3.1.4
The use of an autoclave for functionalization of PS beads with AC by seemed quite promising, 
but there was limited information in the literature on how to best produce PSAC IX beads using 
this strategy.  In this regard, several factors that would seem to be most important in affecting the 
quality of AC-PS beads (temperature, PS to AC ratio, time, and mixing conditions) were 
identified from the scoping experiments as being potentially significant. To investigate this 
further, a factorial design approach was adopted in order to determine the relative importance of 
these factors.   
Statistical design of experiments for optimizing chemical processes have been described by 
many researcher [40, 41]. Such studies identify influential effects of experimental factors and 
interactions between the factors [42]. In this research, the application of 42 level of full factorial 
design of experiments (DOE), with three replicates of each set of conditions, was used to study 
the main factors affecting the quality of the PSAC beads produced under hydrothermal 
conditions.  . MINITAB-17 software was used to analyze the results. The variables that are used 
in the 42 full factorial design performed in this study are given in Table 6.  
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Table 6: The variables that are used in the 4
2
 factorial design for production of carbon coated 
polystyrene beads 
Variable 
Low 
level 
 
High 
Level 
Temperature (C) 140  145 
Ratio 35.5  42.5 
RPM 1075  1400 
Time (min) 50  70 
 
In general, the mathematical model for a four factor factorial design can be expressed with 
interactions terms as follows: 
R = A0 + A1×A + A2×B + A3×C + A4×D + A11×A×A  + A12×A×B + A13×A×C + A14×A×D 
++ A23×B×C+……+A1234*A×B×C×D 
where R is the dependent variable or the response. A, B, C and D are the independent variables 
(i.e. temperature, carbon to PS bead mass ratio, RPM and Time) in coded units for the selected 
levels of the 2
4 
design
 
matrix. A0 is the global mean and A1 to A4 are the regression coefficients 
corresponding to the main factors. A11 to A44 are the regression coefficients for second order 
interactions, etc.  Then an analysis of variance, ANOVA, is performed to refine the model to 
reduce it to an equation that only includes those factors that significantly affected bead quality 
within the variable ranges tested.  
 Methods used for Physical Characterization  3.2
The raw materials used in the experiments as well as the PS-AC beads produced were subjected 
to a number of analyses to determine their physical characteristics including:  Brunauer–
Emmett–Teller Analysis (BET), Thermogravimetric Analysis (TGA), X-ray Diffraction (XRD), 
Optical Microscopy Analysis, Scanning Electron Microscopy (SEM), Laser Particle Size 
Analysis, Toughness Test, and Ball-Pan Hardness Testing.  
 Brunauer–Emmett–Teller (BET) Analysis 3.2.1
BET analysis of N2 sorption at 77 K was used at Lakehead University to characterize the specific 
surface area and pore structure of the activated carbon and PS-AC beads produced. The BET 
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surface area of AC and beads were determined via nitrogen adsorption/desorption isotherms 
using a BELSORP-max (BEL Inc). About 0.1 g (o.d.) of AC/beads were pretreated at 120oC and 
10-7 Torr overnight for contamination removal. Afterwards, the measurement was carried out 
using Nitrogen, as a probe, at 77 K overnight. The isotherm data was recorded in a relative 
pressure of P/P0 in the range of 10
-7–0.99999 and then the BET specific surface area of AC was 
determined from the adsorption isotherms.  
Braunauer–Emmett–Teller (BET) specific surface area, pore volume, and pore size distribution 
of samples were determined by N2 sorption at 77 K using a Micromeritics ASAP 2020 
physiosorption analyzer also at Laurentian University. Before the sorption measurements, the 
samples were degassed under vacuum at 250 ºC for at least 12 h. 
 Thermogravimetric analysis (TGA) 3.2.2
Thermogravimetric analysis was used to estimate the proportion of activated carbon and 
polystyrene in PSAC beads. The mass loss versus temperature profiles of pure polystyrene along 
with various PSAC beads was measured using a Navas Instruments TGA-1000. Nitrogen gas 
was used to degas the system of oxygen and create an inert atmosphere in the heating chamber.  
A pressure of 20psi for was used for both degassing and analysis. The temperature for degassing 
was 50°C and was carried out for 3 hours.  
 X-Ray Diffraction 3.2.3
X-Ray diffraction, XRD, was used to identify and characterize the mineralogy and composition 
of polycrystalline phases. The X’Pert Pro Powder Diffractometer (PANalytical B.V.) that was 
used in this study is shown in Figure 14. 
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Figure 14: X’Pert Pro Powder Diffractometer at Lakehead University 
 Optical Microscopy Analysis 3.2.4
The physical features and surface texture of samples of PSAC beads, both whole beads and 
fragments, were examined by optical microscopy. The bead fragments were obtained by 
fracturing the beads by hammering down on them. The LEICA MS5 optical microscope used in 
this work is shown in  
Figure 15. 
 
 
Figure 15: LEICA MS5 optical microscope  
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 Scanning Electron Microscopy Analysis 3.2.5
Mounted and polished samples of beads were examined for their physical features and chemical 
compositions at Laurentian University using a Jeol JSM-6010LA desktop scanning electron 
microscope (SEM) and at Lakehead University research laboratory using a Hitachi Su-70 
Schottky Field Emission SEM, shown in Figure 16. Selected PSAC beads and pellets (before and 
after gold-loading) were broken down to fragments and anlayized at Lakehead University using 
both the back-scattered electron (BE) detector and the secondary-electron (SE) detector. This 
was done to measure elemental composition from small areas (as small as a few microns) to gain 
semi‐quantitative analysis of gold grains and host phases along with a determination of Au grain 
association. . 
  
Figure 16:  The  Jeol JSM-6010LA SEM at Laurentian University (left) and the Hitachi Su-70 
Schottky Field Emission SEM at Lakehead University (right) 
 Size Distribution Analyses 3.2.6
Laser particle size analysis was performed on loaded activated carbon samples using a Microtrac 
S3000, which is shown in Figure 17, coupled with the corresponding Microtrac FLEX 10.4.5 
software, at Laurentian University. Laser particle size analysis correlates the intensity of 
diffracted light to particle size.  When monochromatic light is shone at a stream of opaque 
particle, some light will be transmitted without interaction with particles, some light will be 
reflected when a particle passes between the light source and detector, and some light that passes 
around the edges of the particle will be diffracted These mechanisms alter the intensity and angle 
of transmitted light to in which is correlated with particle size.  
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The cone and quartering sampling technique, was used to take representative samples from a 
bulk sample. The method consists of dividing the entire bulk sample into four quarters. Two 
opposing quarters were then taken out and remaining two quarters are combined into a cone-
shaped pile. This newly formed cone was then spread out and quartered again. This process was 
repeated until approximately one gram of material remained. This sample was then spread out 
and split into equal sized squares. Initial testing indicated that 0.030g of material would be 
necessary for size distribution analysis. The material being analyzed was then placed in a beaker 
and 40 mL of potable water was added in order to suspend the solids for analysis. The mixture 
was then placed in a sonicator for 5 minutes to disaggregate the sample. After the designated 
time, an impeller was placed into the mixture and it was stirred for another 5 minutes in order to 
uniformly suspend the sample in the water. When the sample was ready, it was taken to the 
pump feed hopper and poured into the pump. The beaker was rinsed with water to ensure the 
entire sample was being analyzed and that an acceptable concentration of suspended solids was 
attained When the correct concentration and water level were reached the analysis was initiated 
and three separate size distribution measurements, each taking 30 seconds, were performed and 
presenting as the average of the three. The size distribution of the loaded activated carbon fines 
used in this study, as measured by Laser Particle Analysis, is shown in Figure 18.  
 
Figure 17: Laser particle size analyzer, Microtrac S3000, at Laurentian University 
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Figure 18: Size distribution for three samples of loaded activated carbon fines 
3.2.8 Toughness of Beads (compression test) 
A Digital Tritest 50 Load Frame (ELE International) apparatus was used to perform compression 
tests on strengths and PS-AC bead samples (Au loaded beads and beads with fresh carbon). The 
insturment is Microprocessor controlled and capable of applying test loads up to 11,200 lbf. (50 
kN) at any test speed within the range of 0.399999" (9.99999 mm) per minute to as low as 
0.000001" (0.00001 mm) per minute [43]. In the bead compression tests, a compression speed, v, 
of 2.2222 mm per minute was applied, while the corresponding load was recording at 100 
millisecond intervals up to failure.  
dt
dx
v 
 
In the study the coated beads, Au loaded coated beads, and uncoated beads (fresh) diameters 
were measured before applying the load, in order to estimate the volume of the bead being tested 
(m3.) based on spherical geometry.  The toughness of the bead, UT (J m
-3), is equal to the energy 
absorbed by the bead up to failure per unit volume, which can be expressed terms of position, x, 
load, F(x), and sample volume, V(x), as follows:  
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By assuming a constant volume and using the relationship between position, x, and compression 
speed, v, the toughness of a particle, having a diameter d0, may be approximately calculated from 
a data set of Load and time, as follows: 
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 Strength testing instrument is shown in Figure 19. 
 
 
Figure 19: Digital Tritest 50 load frame, strength-testing instrument 
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 Ball-Pan Hardness Testing 3.2.7
Ball-Pan Hardness is the standard method for quantifying the abrasion resistance of activated 
carbon that is used in industrial gold CIL and CIP plants.  Samples of activated carbon and 
activated carbon coated polystyrene beads were tested using the Standard Test Method for Ball-
Pan Hardness of Activated Carbon, ASTM  D3802 [44].  First, at least five sieves are stacked 
together, with the opening size of the one of the sieves (called the hardness sieve) being half of 
the nominal particle size of original sample.  The hardness pan is placed in the receiver pan.  100 
mL of sample, which has been weighed to an accuracy of at least ± 0.1g, is placed into the 
hardness pan along with 30 steel balls (half of which have a diameter of 12.7 mm and half have a 
diameter of 9.5 mm), which, is then fitted to the bottom of the stack of sieves.  A sieve cover 
with a cork stopper is placed over the stack and the entire assembly is placed in a mechanical 
sieve shaker and exposed to a combination of rotating and tapping action for 30min. The now 
abraded sample is then brushed into the hardness sieve and the sieve assembly placed in the 
mechanical sieve shaker for an additional 10 minutes.  The Ball-Pan Hardness, H, is then 
calculated as follows: 
A
B
H 100  
Where B is the mass of sample retained on the hardness sieve, and A is the original mass of the 
sample.   The mechanical sieve shaker and sieve assembly used for Ball-Pan Hardness Testing is 
shown in Figure 20. A Ball-Pan Hardness number of 0 indicates that the material completely 
disintegrates during the test, while a value of 100 indicates that no abrasion occurs. This test was 
used to compare the abrasion resistance of activated carbon to activated carbon coated 
polystyrene beads.  
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Figure 20: Mechanical sieve shaker Ball-Pan Hardness Testing 
 Methods used for Characterization of PSAC Beads for Gold-Cyanide Ion 3.3
Exchange  
The PSAC Beads produced were subjected to several types of analysis to characterize their 
performance for gold-cyanide ion exchange including: Time-of-Flight Secondary Ion Mass 
Spectrometry (ToF-SIMS) analysis, gold loading, and gold stripping.   
 ToF-SIMS Analysis 3.3.1
Time-of-Flight Secondary Ion Mass Spectrometry, ToF-SIMS, was used to analyze for the 
presence of Au and it’s speciation on the surface of activated carbon in PSAC beads. This 
technique provided non‐destructive elemental and molecular surface analysis and allows for 
simultaneous detection of metallic gold and gold compounds on individual carbonaceous 
particles. ToF‐SIMS was used to identified whether gold was in the elemental state, Au, or as a 
cyanide, AuCN or Au(CN)2
-
, on the activated carbon as well as gain semi-quantitative 
information on concentration profile of Au on the beads.  
Samples of beads were selected and mounted for ToF-SIMS analysis. The instrument used in this 
work was an ION‐TOF, ToF-SIMS IV™ secondary ion mass spectrometer.  It allows for the 
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outermost 1-3 atomic layers of a surface to be analyzed by mass spectrometry and can detect 
species with a concentration in the part per billion range. The instrument employed a Bismuth 
209 primary ion beam (25 kV Bi
3+, Current: ~0.3 pA, Pulse time: 1 ns, Beam spot size: ~ 1 μm), 
which was rastered across an area of interest on the sample surface. The raster size used was 500  
× 500 microns with an acquisition time of 100 scans at 2 shots per pixel. The bombardment of 
the surface with the bismuth primary ion beam induced the emission of positively and negatively 
charged secondary ions from the sample surface. These secondary ions were extracted from the 
sample surface into a time‐of‐flight mass spectrometer, which correlated the velocities of the 
ions with their mass to charge ratio. The secondary ion intensity versus mass was then plotted to 
generate a traditional first order mass spectrum.  The data were recorded with full mass spectra 
in 256x256 pixels in a mass range of 1‐850 amu [45]. ToF-SIMS surface analyses were 
performed on samples of Au loaded coated beads and unloaded coated beads. The analyses were 
conducted to determine if there were gold species, other than Au(CN)2
-
, on the activated carbon 
that would affect the stripping performance of the beads, such as: Au and AuCN. 
 Gold Loading Tests 3.3.2
The capacity of fresh activated carbon and PSAC beads to adsorb gold from industrial gold-
cyanide leach solutions was measured using Goldcorp’s Standard Operating Procedure, SOP, as 
described in Appendix A: Procedure: Polystyrene/Fine Activated Carbon – Activity Test 
Procedure referred to as an “activity test”, which is performed at the Musselwhite and Red Lake 
gold mines. The test involves placing a fixed quantity of activated carbon or PSAC beads into an 
HDPE bottle along with one litre of gold containing leach solution that is collected from the 
circuit.  The bottle is then placed on a bottle-roll apparatus, shown in Figure 21, and which 
rotated the bottles at 40 rpm in order to provide mixing. A 100 ml sample is gathered from each 
bottle roll bottle after 30 minute, one hour, and two hours and filtered by gravity using a paper 
filter. A 500 ml sample is also gathered after 5 hours, corresponding to the end of the “activity 
test”.  All solution samples are analyzed for dissolved gold concentration by flame atomic 
absorption spectroscopy, FAAS.  These values for instantaneous gold concentration are 
compared to the gold concentration of the original solution to calculate the recovery of gold from 
the leach solution onto the activated carbon as a function of time.  At the end of the test the gold 
loaded beads themselves are also extracted, rinsed, and analyzed for gold by fire assay in order to 
 39 
   
directly calculate the gold recovery and validate the results from the wet analyses.  When all 
assay results were obtained, gold adsorption versus time curves were plotted. 
The gold leach solution that was used as the source of gold complexes to load onto the activated 
carbon and PSAC bead samples was collected from the Musselwhite plant: Using 20 litre plastic 
buckets, samples of the slurry being fed to the first tank of the CIP circuit were collected.  The 
slurry was then filtering using a pressure filter to produce a sample of clarified leach solution 
referred to as “leach tails solution”. The number of buckets of slurry collected depended on the 
number of tests to be conducted, with, usually two half-buckets (3.5 US gallon) of slurry being 
required to produce 5 to 6 litres of clarified leach solution As mentioned, the amount of leach 
tails solution needed for each activity test was 1L. Additional smaller amounts of leach solution 
(usually 500 ml) were also collected for analysis of pH, and initial gold and cyanide 
concentrations.  The pH of the solution in one of the 500 ml samples was measured using a YSI 
model 4010-1 MultiLab IDS meter equipped with YSI model 4110 temperature compensated pH 
probe.  The meter was calibrated using a two point automatic pH calibration method, as 
described in the instrument’s operating manual, using a set of pH 7 and 10 buffers (YSI).  The 
cyanide concentration was determined by silver nitrate titration using a 0.01M AgNO3 solution, 
as described in Appendix B-1:M6.01 – Procedure for free cyanide titration (leach/grinding 
thickener/CIP.  
All wet samples collected were analyzed for gold by flame atomic adsorption spectroscopy, 
FAAS. The AA unit used was a Perkin Elmer PinAAcle 500, which was set at wavelength of 
242.8 nm. The calibration standards used were: 5.0, 10.0, 20.0, and 30.0 ppm Au, which were 
prepared by pipetting the necessary quantities of 1000ppm Au stock solution into 1000ml 
volumetric flasks, and adding: 100ml of concentrated hydrochloric acid, 30ml of concentrated 
nitric acid, HNO3, and filling with distilled water. The detailed FAAS analysis procedure appears 
in Appendix C-1: Procedure no.1, Low level gold by direct aspiration on the FAAS.  The gold 
solution used in the loading tests typically contained from 4.0 to 6.5 ppm of gold, Au (sometimes 
given units of 5.0 to 6.3 g/t), 340 ppm to 390 ppm of cyanide, CN-, and a pH of 10.5 to 10.9. 
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Figure 21: Bottle roll apparatus used for adsorption laboratory test  
 Gold Stripping 3.3.3
Tests for stripping of gold cyanide from PSAC beads were performed using the industrial 
stripping column at the Musselwhite mine, as well as a smaller scale mini-elution column that 
was purpose-built for experimenting on the stripping of PSAC beads. 
3.3.3.1 Stripping of PSAC Beads 
Stripping tests of PSAC beads was performed under industrial conditions using the stripping 
columns at the Musselwhite and Red Lake mines.  The Zadra elution process used at both sites 
operates with a heated solution of 2 to 3% NaOH solution. The stripping solution is pumped 
from the barren tank and preheated to a temperature above 140ºC with heat exchangers before 
passing through the large elution column (LEC).  The eluent is circulated through the column 
until the desired level of stripping is achieved and then reports to the pregnant tank.  From the 
pregnant tank the strip solution is pumped to electrowinning cells after which the spent 
electrolyte is returned to the barren tank. Figure 22 shows the process layout. 
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Figure 22: Elution and electrowinning circuit at Musselwhite 
Tests were conducted to test the stripping performance of loaded PSAC beads under industrial 
stripping conditions.  Gold loaded PSAC particles were placed three separate stainless steel mesh 
tube containers and lowered into the elution column to lie on top of the batch of loaded AC 
particles that were being eluted.  The devices used at the Musselwhite and Red Lake plants are 
shown in Figure 23 and, Figure 24 respectively.   
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Figure 23: Device for holding extruded PSAC beads for stripping at Musselwhite 
 
    
Figure 24: Mesh container and PSAC Beads before stripping at Red Lake 
The flow rate of eluent at Musselwhite was 12.0 m
3
/hr  the temperature of the solution was 
145°C, and the pressure within the elution column was 50 kPa, whereas at Red Lake the flowrate 
was 5.6 m
3
/hr to 5.9 m
3
/hr flow rate, the temperature was 142.5°C, and pressure was 500 kPa. 
The solution was circulated for 14 hours and then sent to the EW from the pregnant tank.  The 
apparatus was fished out from the bottom of the elution column in case of Mussewhite and on 
the top in case of Red Lake circuit. The contents of the containers were sent to the Assay Lab for 
gold analysis using Appendix D-1: Procedure no.3, Analyzes for carbon and carbon coated beads 
for gold. 
3.3.3.2 Stripping of PSAC Beads using a Mni-Elution Column 
Stripping experiments on PSAC beads were conducted using a mini-elution column that was 
designed and built at the Musselwhite mill. A drawing of the mini-elution column is shown in 
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Figure 25.  The mini elution column (MEC) was made of stainless-steel with a 3 inch (7.6 cm) 
internal diameter and 21 inch (53.34 cm) height.  The column was designed to operate using a 
bleed stream of hot barren solution from the Musselwhite circuit at pressures up to 1034 kPa 
(150 psi) and temperatures up to 175°C. The column was typically loaded with between 37 to 
180 grams of PSAC beads, and eluted at a flowrate of 1.7 L/hr (corresponding to 2 BV/hr in 
order to match the operation of the Zadra column), at inlet temperatures between 80°C and 
130°C.   
 
Figure 25: Mini-elution column 
The mini elution column was certified by the Technical Standards and Safety Authority (TSSA). 
The system was controlled through regulators and a PLC system was used to monitor the flow 
rate, pressure and temperature.  The pressures, in and out, temperatures, in and out, of the MEC, 
and flow rate were monitored on the nearby instrument panel. Also, the data were graphed in 
real-time on the HMI screen. The data of all the experiments was logged using Wonderware In 
Touch version 11.1, history software.  
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Sampling points for the feed and tails solutions were used to collect samples on regular bases. 
Figure 26 is a schematic diagram of the mini-elution column system. All liquid samples collected 
were sent to the assay laboratory for Au assaying by flame atomic adsorption spectroscopy, 
FAAS, using Procedure no.1 in Appendix C. Procedure no.2 shown in, Appendix E-1: Procedure 
no.2, Base metal analysis on mill solutions by FAAS was used for Base metal analysis of 
solutions by FAAS. Samples of beads were analyzed for gold before and after each striping test 
using Procedure no.3 shown in Appendix D. A more detailed procedure for operating the Mini 
Elution Column (MEC) is shown in Appendix F.  A list of valves descriptions is also shown in 
Table F-1, Appendix F-1: Operation of the Mini Elution Column (MEC). 
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Figure 26: A schematic diagram of the mini-elution column system with sampling points.  
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4 Results and Discussion 
This section outlines the preparation and characterization of Polystrene/Activated Carbon Beads.  
The first attempt to produce Polystrene/Activated Carbon beads involved suspension 
polymerization.  Raw beads were successfully prepared.  However, preparation of PSAC beads 
by suspension polymerization had limited success.  Next, PSAC beads were prepared by co-
extrusion, but characterization of these beads revealed that they were not ideal for use as ion-
exchange (IX) beads.  Finally, a new method for preparing PSAC beads under hydrothermal 
conditions using an autoclave was developed.  This method produced beads that most resembled 
conventional IX beads that performed comparably to pure activated carbon for gold adsorption 
and stripping of gold cyanide under industrial conditions.  The implications of the results on 
industrial production of PSAC beads under hydrothermal conditions are also explored.      
 Production and Characterization of PSAC Beads Produced by 4.1
Suspension Polymerization  
The first attempt to Polystyrene/Activated Carbon beads involved suspension polymerization.  
Raw beads were successfully prepared. The experiments to make pure PS beads were conducted 
as a precursor to adding the AC fines to make PSAC beads. Manufacture of PSAC beads by 
addition of activated carbon, while simultaneously polymerizing styrene, was attempted under 
variety of experimental conditions. 
4.1.1 Production of PS Beads by suspension polymerization 
Polystyrene beads, without addition of activated fine carbons, were successfully synthesized via 
a free radical mechanism where polymerization of the styrene monomer was initiated through the 
use of heat and a catalyst. Polymerization involved several variables that influenced the quality 
of the beads produced. In this study, the resins in form of glossy spherical beads were 
successfully prepared using a one step synthesis technique that was modified from a published 
laboratory procedure [37].  PS beads were successfully produced via suspension polymerization 
at 90ºC, using benzoyl peroxide as the initiator, as a first step toward producing PSAC beads. 
The bead’s size distributions varied from 0.5 to 1.0mm. The final PS beads are shown in Figure 
27.  
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Figure 27: PS beads produced by suspension polymerization 
 Development of Polystyrene Ion Exchange Resins with AC Particles by 4.1.1
Suspension Polymerization  
Various quantities of a wood-based activated carbon were added with the mixture of styrene and 
polymerization initiator in suspension polymerization experiments in an attempt to produce 
PSAC beads. Details of the experimental conditions appear in Section 3.1.1. The presumption 
was that activated carbon is an organic material with a relatively low bulk density, similar to 
styrene. Hence, the carbon fines were expected to report to the organic phase and eventually 
become incorporated into the polystyrene beads that were being formed. If successful, it should 
then have been possible to use the resulting carbon impregnated beads for loading and stripping 
of gold as if they were coarse particles of activated carbon.   
Despite attempting various experimental conditions, the suspension polymerization experiments 
failed to produce PSAC beads; In experiments where the styrene-initiator-activated carbon 
mixture was immediately added to the kettle reactor, the activated carbon did not become 
associated with the polystyrene; PS beads were produced that ended up floating atop the aqueous 
mixture with the fine carbon eventually settled at the bottom.   
In response to this, polymerization of styrene was initiated in an unstirred beaker under a 
nitrogen atmosphere and allowed to progress overnight at room temperature, before the activated 
carbon and polymerizing styrene mixture were added to the suspension polymerization reactor. 
Overnight polymerization of the styrene mixture had been published as a method for production 
of water expandable polystyrene-activated carbon (WEPSAC) membranes [30]. Unfortunately, 
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the partially polymerized styrene was too viscous to be sheared into droplets by the impeller, so 
did not produce PSAC beads, and would simply harden as a mass around the impeller and stirrer 
shaft during the course of the suspension polymerization experiment, with limited association of 
PS with AC. 
Finally, the styrene-initiator mixture was simply poured over one gram of gold loaded activated 
carbon (instead of the wood-based activated carbon) and held overnight at 90°C to create a 
WEPSAC membrane as previously [30].  In this way, gold loaded activated carbon became 
embedded in a sheet of polystyrene that was easily peeled out of the bottom of reactor.  The 
resulting PSAC material could be cut and formed into beads, but softened appreciably when 
heated and/or exposed to water. Figure 28 shows the styrene-initiator-carbon mixture, prior to 
overnight polymerization, and the resulting PSAC beads (that were cut from the WEPSAC sheet 
and rolled into balls). 
          
Figure 28: Styrene-Initiator-Activated carbon mixture and beads produced from a WEPSAC 
membrane after overnight polymerization  
 In conclusion, the first attempt to produce PSAC ion exchange beads for gold-cyanide 
applications was by suspension polymerization.  This approach didn't work out because the AC 
particle did not become associated with the styrene droplets as they polymerized during their 
synthesis. Trials whereby the styrene was allowed to partially polymerize overnight at room 
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temperature to increase its viscosity were only partially successful in producing a PSAC 
material.  Overnight polymerization at 90°C produced a sheet of PSAC material but this 
material’s shape and texture was inappropriate for IX applications.
  
 Production and Characterization of PS-AC Beads Produced by Co-4.2
Extrusion 
Co-extrusion of polystyrene and Loaded Activated Carbon fines (LACF) experiments were 
carried out at 350°C to make PSAC beads. The gold content of the LCAF was measured to be 
4870 g Au/tonne, whereas the resulting co-extruded beads contained 696 g Au/tonne, indicating 
that co-extruded beads contained 14% LCAF on a weight percent basis. A sample of the 
polystyrene-activated carbon pellets produced by co-extrusion are shown in Figure 29.  
 
Figure 29: Polystyrene-activated carbon pellets produced by co-extrusion 
Stripping tests were conducted on samples of co-extruded beads at the Musselwhite plant to test 
the performance of the PSAC beads under industrial conditions (as described in Section 3.3.3.1).  
The results of the stripping of the PSAC beads that were made by co-extrusion, which contained 
LACF, showed relatively low gold recoveries of between 5 to 27% as shown in Table 7.  The 
slow stripping kinetics can be partially attributed to co-extrusion resulting in PSAC beads where 
the AC particles are encapsulated within the PS creating a barrier to mass transport of gold-
cyanide out of the beads. In addition, physical degradation of the beads was observed and it is 
not clear to what extent the calculated recoveries were due to loaded carbon fines being washed 
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out of the polystyrene matrix.  There appeared to be quite a bit of fine materials in the solution 
associated with the extruded beads after stripping. Figure 30 shows co-extruded beads that have 
fused together during stripping.  
Table 7: Gold content the Co-extruded PSAC particles and stripping results  
Substance Gold Concentration % 
 
(g Au/t) Au Recovery 
Loaded Extruded Pellets  696 
 Stripped Extruded PS/AC (Test 1) 508 27 
Stripped Extruded PS/AC (Test 2) 661 5 
 
Figure 30: Co-Extruded beads after stripping 
Co-Extrusion was successful in creating PSAC ion-exchange beads, but this technique 
encapsulates the AC within the beads, which likely contributed to the slow stripping efficiency 
observed.  In comparison, the stripping efficiency of the pure activated carbon particles used in 
gold CIP/CIL process is typically above 90 % under the same industrial stripping conditions. 
Stripping efficiency may eventually reach a satisfactory level, if performed at a lower 
temperature and for a longer time, but there was clearly a need to search for a PSAC material 
with more favourable ion-exchange kinetics.     
 51 
   
 Production and Characterization of PSAC Beads Produced under 4.3
Hydrothermal Conditions 
Finally, a new method to produce PSAC beads was developed to functionalize the exterior of 
pre-made PS beads with fine AC particles by mixing them in water under hydrothermal 
conditions.  It is known that that above the glass transition temperature of a polymer, its surface 
becomes a viscous liquid due to increased chain mobility [46].  The use of surfactants to induce 
this sticky behaviour, leading to encapsulation foreign particle into polystyrene, has also been 
previously studied [47].  However, there was no report in literature of the use hydrothermal 
conditions to control the level of stickiness of polystyrene so as to embed foreign particles onto a 
polystyrene surface while avoiding their complete encapsulation.  The closest process that could 
be found in literature was a patent that referred to coating of polystyrene beads by activated 
carbon using centrifugal pressure under ambient conditions [48],  The basis for developing the 
method was the presumption that AC particles might be made to adhere to a polystyrene bead by 
dispersive adhesion, i.e. adhesion due to attractive Van der Waals forces, by making them sticky 
by  heating them in an inert medium to a temperature somewhere above the glass transition 
temperature of the bead (> ca. 100°C), but below its melting temperature (< ca. 240°C).  
Additionally, upon cooling of the beads, the surface would freeze, thereby adding a component 
of mechanical adhesion to keep the AC particles in place on the bead surface. Water was a 
natural choice as an inert medium because it is known to readily adsorb onto polystyrene [49], 
which will lower its surface tension, and so lowers the viscosity of the interfacial layer above the 
glass transition temperature.   Furthermore, the density of water is similar to that of polystyrene 
so such beads can be easily and uniformly suspended in water with minimal agitation.  The 
problem of water boiling is easily obviated by operating in a pressure vessel. 
An ideal PSAC bead should have a relatively large polystyrene core and have activated carbon 
partially embedded on its entire surface.  The activated carbon on the ideal bead will be readily 
available for gold-cyanide ion exchange, whereas the large inert core makes it amenable to use in 
a fixed bed ion-exchange column.  A bead that is over-functionalized will have activated carbon 
particles that are entirely encapsulated within the PS beads, which would result in slow ion-
exchange kinetics. The under-functionalized beads will have low masses of AC uptake onto the 
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beads and correspondingly low surface area coverages and lower capacities for gold. Figure 31 
illustrates the types of beads that may be produced. 
                       
Ideal Bead                     Over-functionalized         Under-functionalized  
Figure 31: Schematic diagram of ideal, over-functionalized, and under-functionalized beads
    
However, the optimal conditions for the production of ideal PSAC beads by this method were 
unknown and presumed to be affected by several factors including: temperature, time, carbon to 
polystyrene ratio, and degree of agitation.   The surface tension of polymers increases linearly 
with temperature; too low a temperature and the polystyrene surface will not flow, resembling a 
rubbery solid, and the AC particle will be less inclined to adhere to the PS, whereas too high a 
temperature will create a surface that is too free flowing and might lead to encapsulation of the 
AC particles and agglomeration of the beads.  The process will be time dependent because the 
extent of flow of the PS surface, as well as the progress of coating of the bead with AC particles, 
should increase with increasing time under a given set of conditions.  The carbon to polystyrene 
ratio within the autoclave is also important because a large excess of carbon particles must be 
present in order to ensure that AC adhesion to the PS beads occurs before PS beads adhere to 
themselves. Finally, agitation is required to suspend the AC particles and create instances of 
collisions of AC and PS particles.  The speed of the impeller should affect both the frequency of 
collision and the pressures at which the AC particles and PS beads are driven together.    
These factors were presumed to be the main factors affecting the quality of the PSAC beads 
produced by this technique and were initially explored through a set of scoping experiments.  
Based on those results, a full set of factorial experiments was conducted in a narrowed range of 
these factors in order to attempt to quantify their relative importance and identify the conditions 
for producing ideal PSAC beads for use in the gold industry.  Further experiments using the 
beads produced in this section tested their performance for gold loading and stripping, as well as 
Ball-Pan hardness and acid washing to compare their performance to that of the pure activated 
carbon used industrially.  Finally, the possible degradation of the polystyrene and activated 
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carbon during the manufacture of the beads was explored through compression testing, as well as 
size distribution and BET analyses. 
 Scoping Experiments 4.3.1
Scoping experiments to produce PSAC beads by mixing premade PS beads and AC particles in 
water under hydrothermal conditions were successful and suggested a strong influence of 
temperature. Details of the all experimental conditions of the scoping experiments are found in 
detailed in Section 3.1.3.  As shown in as shown in  
 
Figure 32, the results indicated that higher temperature produced dark coated beads while lower 
temperatures produced semi-coated beads. However, too high a temperature leads to 
agglomeration of the beads.  In the figure, the temperatures of 130°C, 145°C, and 150°C, 
correspond to experimental conditions 6, 10, and 1 in Table 5, respectively. The temperature 
dependence on the degree of activated carbon coverage of the PSAC beads suggests that: at 
130°C, the surface of the polystyrene beads most resembles a rubbery solid, at 145 °C, the 
surface exhibits rubbery flow, while at 150°C, the surface demonstrates viscous flow, which is 
consistent with the temperature dependence of the mechanical properties of polystyrene as 
indicated in Figure 8.  It should also be noted that, with the exception of the experiment at 
150°C, uptake of the activated carbon onto the PS beads was limited to a very thin layer on the 
surface of the beads.  Weight measurements of the activate carbon fines collected after each tests 
showed that less than 1 gram the activated carbon fines was taken up by the beads in any of the 
scoping experiments.  
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Figure 32: Effect of temperature on the degree of activated carbon coating of polystyrene beads 
Selected PSAC beads were characterized for carbon content by Thermogravimetric Analysis. In 
addition, the ability of the PSAC beads to adsorb gold cyanide from industrial gold leach 
solutions was tested.  Finally, the morphology of the beads was analysed by Scanning Electron 
Microscopy – Energy Dispersive X-Ray Spectroscopy. 
4.3.1.1  Thermogravimetric Analysis of PSAC Beads 
Thermogravimetric analysis was used to attempt to estimate the proportion of activated carbon 
and polystyrene in PSAC beads. The profiles of mass loss versus temperature for pure 
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polystyrene, along with various PSAC beads, were evaluated. The thermal characteristics of 
fresh polystyrene beads and polystyrene carbon coated bead are presented in Figure 33and 
Figure 34, respectively. The TGA curves illustrate that up to240°C the fresh polystyrene 
indicates very slight mass loss and the mass remained nearly constant. Then the mass decreases 
noticeably between 240°C and 408°C as a result of the release of the volatile matter due to 
degradation of polymer backbone. This represented a loss of 98% for the pure polystyrene beads. 
Similar patterns are reported by others for polystyrene spheres [50]. Unfortunately, the TGA 
plots for the PSAC beads did not show a discernable difference compared to the PS beads, even 
resulting in a reported slight weight gain.  This indicated that TGA analysis was not sensitive 
enough to accurately measure the activated carbon content of PSAC beads as shown in Appendix 
G-1, The full set of TGA data.   
 
Figure 33: Thermogravimetric analysis of Weight % and DTA profile of fresh polystyrene beads 
(uncoated) 
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Figure 34: Thermogravimetric analysis of Weight % and DTA profile of PSAC beads produced 
at 145
o
C for 30 minutes  
4.3.1.2 Gold Loading Tests 
In order to test the gold loading characteristics of the carbon coated beads made, a series of 
“activity tests” (as described in Section 3.3.2) were carried out to load gold onto PSAC beads. 
These tests were carried out to quantify bead quality in terms of gold loading capacity. The test 
results showed that all produced beads showed some capacity for Au adsorption, though with no 
discernible trend, as shown in Table 8 and Figure 35. However, it was observed that varying 
amounts of activated carbon was falling off the beads during the test, particularly those made at 
lower temperatures, and that the actual gold recovery onto the beads (as calculated from the 
assays of the solid beads) was much lower than what was calculated from the solution assays.  
Therefore, there was clearly a need to narrow the temperature range at which the beads were 
being prepared and wash them thoroughly to remove any loose carbon prior to further testing. It 
is also noted that the adsorption of gold reached the equilibrium in 2 hours. For comparison, 
details of the loading characteristics of the pure activated carbon particles (the ones that are 
actually used in the plant) that were ground down for use in this study appear in Appendix H-1, 
Details of the loading characteristics of the pure activated carbon particles. The higher gold 
solution recovery shown in Figure 35 for beads made at low temperature was a result of gold 
adsorption onto carbon that became detached during the course of the test and became fully 
loaded with gold, i.e. beads produced at higher temperatures had carbon that more extensively 
embedded in the polystyrene matrix partially blinded the carbon from the solution where, 
lowering their apparent capacity for gold adsorptionrated.  
Table 8:  Details for Gold Adsorption Tests on Selected PSAC beads  
Leach Tails Solution 
pH 10.80 
[CN] (ppm) 390 
Initial Au (g/t) 6.353 
 
Method  
Bottle ID 
Test # 5 5 10 9 6 6 
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Description 140
o
C, 
450 
rpm, 
30min 
140
o
C, 
450 
rpm, 
30min 
145
o
C, 
1050 
rpm, 
30min 
120
o
C,960 
rpm, 30 
min 
120
o
C, 
1000rpm, 
20 min 
130
o
C, 
630rpm, 
30 min 
Mass of 
Beads (g) 
35 35 35 35 35 35 
Vol. of 
Solution 
(L) 
1 1 1 1 1 1 
Time 
(Minutes) 
Assay (Au g/t) 
0 6.353 6.353 6.353 6.353 6.353 6.353 
30 6.334 5.251 5.895 4.335 5.044 5.096 
60 6.188 5.226 5.729 4.115 4.865 5.146 
120 6.238 5.228 5.670 4.022 4.802 5.162 
300 6.233 5.259 5.659 3.902 4.718 5.088 
Time 
(Minutes) 
Au Recovery 
0 0.00 0.00 0.00 0.00 0.00 0.00 
30 0.30 17.35 7.21 31.76 20.60 19.79 
60 2.60 17.74 9.82 35.23 23.42 19.00 
120 1.81 17.71 10.75 36.69 24.41 18.75 
300 1.89 17.22 10.92 38.58 25.74 19.91 
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Figure 35: Gold adsorption versus time for selected carbon coated PS beads 
4.3.1.3 Scanning Electron Microscopy – Energy Dispersive X-Ray 
Spectroscopy Analyses 
Microscopy work was also conducted on a selection of samples of mounted and polished fresh, 
coconut shell based, activated carbon and of samples of PSAC beads. The nature of the pore 
structure of the activated carbon was observed by SEM analysis as shown in Figure 36. 
 
Fresh Carbon 
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Figure 36: SEM analysis of porous regions of fresh activated carbon 
Samples of PSAC beads were also examined for their physical features and chemical 
compositions using SEM-EDS. SEM images of the texture of the PSAC beads produced at 
130°C and 140°C are shown in Figure 37. The images show evidence that the beads retain their 
shape at both temperatures. However, the photomicrographs clearly show that beads produced at 
140°C are uniformly covered by activated carbon particles that are embedded in its surface, 
while beads produced at 130°C are only partially coated by activated carbon. As shown in the 
Figure 38, the adsorption of gold on the activated carbon is also non-uniform, being greater in 
more porous regions of the activated carbon.  
 
Figure 37: SEM images of PSAC beads produced at 130°C (left) and 140° C (right)
 
 60 
   
    
a)    Porous Region of Activated Carbon b)  Non-porous Region of Activated Carbon 
     
c) Elemental Analysis of Section 1           d) Elemental Analysis of Section 7                                                               
Figure 38: SEM and EDS analyses of porous (left) and non-porous regions (right) of activated 
carbon particles on PSAC beads after gold loading 
Samples of PSAC beads were broken down to fragments and viewed by SEM using both the 
back-scattered electron (BE) detector and the secondary-electron (SE) detector. As shown in 
Figure 39, the bead fragments show a light-coloured thick interior mass covered by a thin layer 
of dark-coloured exterior matter. Further SEM-EDS, and optical microscopy images of activated 
carbon and PSAC beads are described in Appendix I- SEM-EDS, and optical microscopy images 
of activated carbon and PSAC beads. 
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Figure 39: Interior/exterior SEM image of a broken PSAC bead produced at 130°C 
  
 Factorial Experiments 4.3.2
The technique of functionalization of PS beads with AC under hydrothermal conditions was 
quite promising. The aim of this portion of the research was to further investigate the factors that 
affect PSAC bead quality in order to inform the future operation and control an industrial process 
for their production by this method.  AC uptake onto the beads was used as a proxy for bead 
quality because it is an indirect measure of the ability of the PSAC beads to adsorb gold, because 
gold adsorption is performed solely by the activated carbon on the beads.  AC uptake was 
measured in two ways: 1. As the increase in mass of the beads, measured as the difference in the 
mass of the beads before and after the experiments, referred to hereafter as “AC on Beads”, and 
2. As the loss in mass of the carbon fines, measured as the difference between the mass of AC 
fines added to the autoclave and the mass of AC fines collected after filtering and washing of the 
beads, hereafter referred to as “AC Retention”).  In this regard, several factors that would seem 
to be most important in affecting the nature and quality of PSAC beads (temperature, PS to AC 
ratio, time, and mixing conditions) were previously identified.  To investigate the relative 
importance of these factors and their interactions, a series of experiments using a factorial design 
approach was undertaken.  The factorial design method involved selecting high and low levels of 
the four variables and performing three replicates of each  experiment at every possible 
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combination of these variables levels (48 experiments = 3 replicates × (4 variables)(2 levels) ). The 
rationale for the selection of the high and low values of the variables studied is as follows: 
1) Temperature: Scoping experiments indicated that a temperature of 130°C was too low to 
sufficiently soften/melt the PS beads surface and resulted in incomplete AC particle adhesion 
and surface coverage. In contrast, a temperature of 150°C was too high, causing the PS surface to 
become too fluid, resulting in beads sticking together and forming PSAC agglomerates. Hence, a 
temperature range of 140°C to 145°C was selected for further study. 
2) PS to AC ratio: The scoping experiments indicated that less than 1 gram of carbon was needed 
to completely coat 70 grams of PS beads. In response, the amount of AC carbon fines added to 
the autoclave was reduced from 10 grams to 2 grams on the basis that this smaller amount was 
still more than twice as much as was needed to completely coat all the PS beads. The mass of 
beads to be added was varied between  71 grams (being a low value close to the value used in the 
scoping experiments) and 85 grams (representing a high value).    This corresponded to mass 
ratios of PS beads to AC fines of 35.5 (71/2) and 42.5 (85/2). 
3) Time: The scoping experiments indicated that thirty minutes at 140°C was sufficient to lead to 
complete coverage of the beads with AC fines.  However, it was not clear whether or not the AC 
layer would increase in thickness if given more time, or whether the uptake of AC particles 
would effectively terminate once the exterior of a bead becomes completely coated.   As such, a 
time range of 50 minutes to 70 minutes was selected more fully explore the effect of time on 
carbon uptake.  
4)  Mixing:  It's clear the AC particles and PS beads should be mixed so that both the beads and 
AC are simultaneously suspended within the reactor.  If the degree of mixing is only sufficient to 
suspend the PS beads, but not the AC fines, the beads will agglomerate once they begin to 
become sticky.  A stirrer setting of 1075 rpm was selected as the low value, representing mixing 
conditions near the minimum level of agitation where both the AC particles and polystyrene 
beads would be homogeneously suspended in the reactor. An upper value of 1400 rpm, which 
was the practical limit for stirring speed for the autoclave, was selected as a high value to explore 
the effect of more vigorous agitation. The results of the factorial experiments appear in the 
following table: 
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 Table 9: Matrix for four variables varied at two levels and resulting measured AC Retention and 
AC on Beads. 
Test    Factors AC AC 
No. Std. 
X1 X2 X3 X4 
Retention 
on 
Beads 
   
Order 
    
    (°C) Ratio (rpm) 
Time 
    
(min) 
16 1 145 42.5 1400 70 0.794 0.750 
23 2 140 42.5 1400 50 0.723 0.690 
40 3 140 42.5 1400 70 0.740 0.620 
38 4 140 42.5 1075 70 0.717 0.700 
22 5 140 42.5 1075 70 0.638 0.710 
9 6 145 35.5 1075 50 0.556 0.680 
46 7 145 42.5 1075 70 0.590 0.600 
29 8 145 42.5 1075 50 0.718 0.720 
21 9 140 42.5 1075 50 0.687 0.720 
2 10 140 35.5 1075 70 0.616 0.600 
15 11 145 42.5 1400 50 0.734 0.620 
48 12 145 42.5 1400 70 0.854 0.700 
47 13 145 42.5 1400 50 0.632 0.610 
5 14 140 42.5 1075 50 0.649 0.750 
6 15 140 42.5 1075 70 0.764 0.760 
24 16 140 42.5 1400 70 0.620 0.600 
42 17 145 35.5 1075 70 0.676 0.740 
30 18 145 42.5 1075 70 0.686 0.700 
45 19 145 42.5 1075 50 0.624 0.630 
34 20 140 35.5 1075 70 0.571 0.690 
25 21 145 35.5 1075 50 0.674 0.690 
1 22 140 35.5 1075 50 0.674 0.620 
28 23 145 35.5 1400 70 0.716 0.660 
18 24 140 35.5 1075 70 0.697 0.640 
14 25 145 42.5 1075 70 0.702 0.760 
8 26 140 42.5 1400 70 0.617 0.610 
19 27 140 35.5 1400 50 0.754 0.650 
11 28 145 35.5 1400 50 0.676 0.690 
10 29 145 35.5 1075 70 0.725 0.640 
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4 30 140 35.5 1400 70 0.829 0.620 
3 31 140 35.5 1400 50 0.673 0.650 
13 32 145 42.5 1075 50 0.801 0.690 
36 33 140 35.5 1400 70 0.887 0.630 
27 34 145 35.5 1400 50 0.799 0.630 
26 35 145 35.5 1075 70 0.665 0.640 
41 36 145 35.5 1075 50 0.634 0.670 
37 37 140 42.5 1075 50 0.665 0.720 
44 38 145 35.5 1400 70 0.653 0.710 
35 39 140 35.5 1400 50 0.728 0.610 
32 40 145 42.5 1400 70 0.757 0.740 
33 41 140 35.5 1075 50 0.617 0.640 
12 42 145 35.5 1400 70 0.824 0.740 
7 43 140 42.5 1400 50 0.750 0.700 
20 44 140 35.5 1400 70 0.862 0.640 
17 45 140 35.5 1075 50 0.818 0.670 
43 46 145 35.5 1400 50 0.813 0.660 
31 47 145 42.5 1400 50 0.686 0.700 
39 48 140 42.5 1400 50 0.681 0.640 
Visual inspection of the beads produced in the Factorial Experiments study, as seen in Figure 40, 
indicated that they appeared similar to those uniformly coated ideal beads produced in the 
Scoping Experiments under similar conditions.  As shown in the SEM micrograph in Figure 41, 
the activated carbon layer formed on the polystyrene beads was relatively thin and uniform.  
These results were supported from a statistical analysis of the AC uptake results. 
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Figure 40: Photograph of fresh polystyrene beads (left) and PSAC beads (right) produced at 
140°C, Ratio of 35.5, 1400 rpm impeller speed, for 70 minutes. 
 
Figure 41: SEM photomicrograph of a PSAC bead fragment that was originally produced at 
140°C, Ratio of 35.5, 1400 rpm impeller speed, for 70 minutes.  
MINITAB-17 was used to perform a 2-way analysis of variance, ANOVA, of the results in order 
to estimate the effects of the variables studied and their interactions on AC uptake on the PS 
beads. A condensed statistical analysis of the results is presented in Table 10 and Table 11. A 
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more complete statistical analysis of the results appears in Appendix J.  In reviewing the results 
tables, note that a P-value of less than 0.05 corresponds to 95% confidence that the modelled 
effect is significant.  
Table 10: Estimated effects and coefficients for AC Retention 
Term                                                 Effect     Coef        SE Coef  T-Value  P-Value    
Constant                                            0.7079    0.0174      40.60       0.000 
Temperature (°C)                             0.0001    0.0001      0.0174      0.00         0.997   
Ratio                                                -0.0136   -0.0068     0.0174     -0.39         0.714  
RPM                                                 0.0678     0.0339     0.0174      1.94         0.109   
Time (min)                                       0.0177     0.0088     0.0174      0.51         0.634   
Temperature (°C)*Ratio                  0.0271     0.0136     0.0174      0.78         0.472   
Temperature (°C)*RPM                  0.0065     0.0033     0.0174      0.19         0.859   
Temperature (°C)*Time (min)        0.0070     0.0035     0.0174      0.20         0.849   
Ratio*RPM                                     -0.0392    -0.0196    0.0174     -1.12         0.312   
Ratio*Time (min)                            -0.0071   -0.0035    0.0174     -0.20         0.847   
RPM*Time (min)                             0.0245     0.0123    0.0174      0.70         0.513   
Table 11: Estimated effects and coefficients for AC on Beads 
Term                                             Effect      Coef           SE Coef  T-Value  P-Value 
Constant                                      0.67187     0.00800      83.98        0.000 
Temperature (°C)                        0.02042    0.01021      0.00800     1.28           0.258 
Ratio                                            0.02625    0.01312      0.00800     1.64           0.162 
RPM                                           -0.02125   -0.01062      0.00800    -1.33          0.242 
Time (min)                                  0.00625     0.00312      0.00800     0.39          0.712 
Temperature (°C)*Ratio            -0.02042    -0.01021     0.00800    -1.28          0.258 
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Temperature (°C)*RPM             0.02542     0.01271      0.00800     1.59          0.173 
Temperature (°C)*Time (min)   0.02625     0.01313      0.00800     1.64          0.162 
Ratio*RPM                                -0.01875    -0.00937      0.00800    -1.17         0.294 
Ratio*Time (min)                      -0.00125    -0.00063      0.00800    -0.08         0.941 
RPM*Time (min)                       0.00792      0.00396      0.00800     0.49         0.642 
Hence, the equation for AC Retention, using the coefficients in Table 10:  
AC Retention = 0.7079 + 0.0001 Temperature (°C) - 0.0068 Ratio + 0.0339 RPM 
               + 0.0088 Time (min) + 0.0136 Temperature (°C)*Ratio 
               + 0.0033 Temperature (°C)*RPM + 0.0035 Temperature (°C) 
               *Time (min) - 0.0196 Ratio*RPM - 0.0035 Ratio*Time (min) 
               + 0.0123 RPM*Time (min) 
is reduced, after applying a confidence level of 95% to reject insignificant effects and 
interactions, to the following equation: 
AC Retention = 0.71 ± 0.08 g  
Similarly, the equation for AC on Beads: 
AC on Beads = 0.67187 + 0.01021 Temperature (°C) + 0.01312 Ratio - 0.01062 RPM 
              + 0.00312 Time (min) - 0.01021 Temperature (°C)*Ratio 
              + 0.01271 Temperature (oC)*RPM + 0.01313 Temperature (°C) 
              *Time (min) - 0.00937 Ratio*RPM - 0.00063 Ratio*Time (min) 
is reduced to: 
AC on Beads = 0.67 ± 0.05 g 
The first thing to note is that the measured uptake of AC on the beads was statistically the same, 
whether measured as AC Retention or AC on Beads, i.e. the range of 0.71 ± 0.08 g overlap 
almost entirely with 0.67 ± 0.05 g.   This is not surprising, since they should be the same, and 
translates to a value of approximately 9 mg of AC per gram of PS beads, using an average AC 
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uptake and mass of beads, (670 mg + 710 mg)/(71+85). Next, one may conclude that none of the 
experimental conditions studied had a significant effect on measured activated carbon uptake.  
This is not to say that the variables studied don’t effect carbon uptake (the obviously do as 
previously explained), only that there is no measurable effect on carbon uptake within the ranges 
for these variables studied in the Factorial Experiments.  This is not necessarily a bad thing 
because it implies that control of these variables within the ranges studies will produce beads of 
consistent quality, which of particular significance if the results were to be used design an 
industrial process for their manufacture.   
The lack of significance of these variable ranges on carbon uptake can largely be explained by 
the variance in the sizes of the raw PS beads that were used in the experiments.  The average 
mass of a random sample of the raw PS beads used in this study was measured to be 28 ± 6 mg 
per bead.  Using a value for density of 1.05 g per cm3, and assuming an approximately spherical 
shape, this translates into an average diameter of 0.37 ± 0.03 cm and surface area of 0.43 ± 0.07 
cm2 per bead.  As previously discussed in results of the scoping experiments, the uptake of 
carbon occurs on the surface of the beads, and so this level of uncertainly in the surface area 
propagates to the resulting measurements of activated carbon uptake.  For example, 85 grams of 
PS beads (corresponding to a Ratio value of 42.5) would have an estimated surface area of 1296 
± 209 cm2, whereas 71 grams of PS beads (corresponding to a Ratio value of 35.5) would have a 
surface area of 1083 ± 174 cm2.  There is significant overlap in the ranges of surface area 
between these two values of Ratio, so it is not surprising that its effect could not be resolved.  
Based on the average surface area of beads used in the experiments, the uptake of carbon on PS 
beads surfaces was approximately 0.6 mg of AC fines per cm2 of PS bead surface area, (670 mg 
+ 710 mg)/(1296 cm2 + 1083 cm2). 
 Performance of PSAC Beads under Industrial Conditions 4.3.3
Hydrothermally generated PSAC beads were tested to evaluate their performance under 
industrial conditions.  The results of the factorial experiments suggested that any of the 
conditions tested should produce beads of similar quality, but one condition had to be selected to 
produce beads in sufficient quantity for further study.  The experimental conditions selected 
were: a temperature of 140°C, Ratio of 35.5, 1400 rpm impeller speed, and time of 70 minutes.  
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These PSAC beads were then tested for gold loading, acid washing, Ball-Pan Hardness and gold 
stripping.  
4.3.3.1 Gold Loading Tests 
Goldcorp’s “activity test”, for testing the gold loading characteristics of the activated used in 
their plants, uses 2.0 grams of pure coarse activated carbon.  In order to compare the utilization 
of activated carbon, activity tests were performed using 225 grams of PSAC beads, which were 
presumed to contain approximately 2.0 grams of fine AC.  The value of 225 grams of PSAC 
beads was calculated on the basis of each gram of PSAC beads contained 9 mg of AC, as 
previously estimated from the results of the factorial experiments (225 g bead × 0.009 g AC / 1 g 
bead = 2.0 g AC).  The results showed that the PSAC beads made much better utilization of the 
activated carbon, reaching the same equilibrium gold loading of ca. 93 % in less than 30 minutes, 
compared to 300 minutes for pure AC. This can be seen in  
Table 12 and Figure 42. 
Table 12: Details for Gold Adsorption Tests on 225 gram samples of optimized PSAC beads  
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pH 10.88
[CN] (ppm) 370
Initial Au (g/t) 5.207
Mass of Beads (g) 2 225 225
Vol. of Solution (L) 1 1 1
Time (Minutes)
0 5.207 5.207 5.207
30 3.224 0.450 0.457
60 2.223 0.383 0.402
120 1.151 0.348 0.388
300 0.243 0.344 0.340
Time (Minutes)
0 0.00 0.00 0.00
30 38.08 91.36 91.22
60 57.31 92.64 92.28
120 77.90 93.32 92.55
300 95.33 93.39 93.47
Gold balance
Mass of Beads (g) 2 225 225
Vol. of Solution (L) 1 1 1
Final Sol'n Assay (mg/L) 0.243 0.344 0.340
Final Sol'n Gold Content (mg) 0.243 0.344 0.340
Final Bead Assay (g/t) 2364.290 21.560 21.500
Final Bead Gold Content (mg) 4.729 4.851 4.838
Initial Sol'n Assay (mg/L) 5.207 5.207 5.207
Initial Gold Content (mg) 5.207 5.207 5.207
Recovery (using beads) 90.81% 93.16% 92.90%
Recovery (using Sol'n) 95.33% 93.39% 93.47%
2 - Beads         
( 225g )
3 - Beads         
( 225g )
Test ID
1 - Fresh 
Carbon ( 2g )
Carbon Activity Test Data 
Leach Tails Solution
2 - Beads         
( 225g )
3 - Beads         
( 225g )
Assay (Au g/t)
Au Recovery
Test ID
1 - Fresh 
Carbon ( 2g )
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Figure 42: Adsorption of gold versus time for 225 grams quantities of optimized PSAC beads 
and 2 grams of coarse activated carbon.  
Two grams of activated carbon on PSAC beads (225 grams of PSAC beads) clearly yields 
superior gold adsorption performance compared to an equivalent amount of pure coarse AC, but 
this is an unnecessarily large quantity of IX beads.  In order to explore the question of how much 
of the PSAC beads would be necessary to yield similar gold loading performance to pure 
activated carbon, a series of activity tests using lower quantities of PSAC beads were performed.  
The results, presented in  
 
 
 
 
Table 13 and Figure 43, show relatively fast gold adsorption kinetics compared with coarse AC, 
with the PSAC beads reaching their maximum loading capacity for gold within 60 minutes 
compared to 300 minutes for coarse AC.   
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Table 13: Details for Gold Adsorption Tests using varying quantities of PSAC beads 
 
Leach Tails Solution 
pH 10.72 
[CN] (ppm) 350 
Initial Au (g/t) 5.83 
 
Method Bottle ID 
Description Sample 
No. 1 
Sample 
No.2 
Sample 
No.3 
Mass of PSAC 
beads (g) 2.51 2.73 4.85 
Vol. of Solution 
(L) 1 1 1 
Time (Minutes) Assay (Au g/t) 
0 5.830 5.830 5.830 
30 4.855 4.051 2.568 
60 4.722 3.961 2.618 
120 4.683 3.949 2.606 
300 4.538 3.951 2.714 
Time(Minutes) Au Recovery (%) 
0 0.00 0.00 0.00 
30 16.72 30.51 55.95 
60 19.01 32.06 55.09 
120 19.67 32.26 55.30 
300 22.16 32.23 53.45 
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Figure 43: Adsorption of gold versus time for various quantities of optimized PSAC beads 
The gold recoveries after 300 minutes were then used to generate a plot of gold recovery versus 
quantity of PSAC beads, which appears as Figure 44.   From the plot, we can see that gold 
recovery increases linearly with increasing quantity of PSAC beads.  Using the regression line, 
9.25 g of PSAC beads (which would have a total surface area of ca. 139 cm2) would be required 
to fully recovery gold from solution.  This corresponds to 83 mg of AC fines (9.25 g bead × 
0.009 g AC / 1 g bead = 0.083 g) AC compared to 2.0 grams of coarse AC.  Thus, use of PSAC 
beads would require much less activated carbon than the current practice of using pure coarse 
activated carbon.   
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Figure 44: Recovery of gold versus quantity of PSAC beads generated using data for gold 
recoveries after 300 minutes from activity tests  
The results of other activity tests are appended in Appendix K-1, Results of other activity tests.  
In addition, SEM-EDS and XRD analyses of PSAC beads, before and after gold loading tests, 
appear in Appendix L-1, SEM-EDS and XRD analyses of PSAC beads, before and after gold 
loading tests. It should also be noted that, after loading, a sample of PSAC beads was put in 200 
ml of 9% HCl solution and allowed to sit overnight in order to simulate industrial acid washing 
of coarse activated carbon.  The beads were then gravity filtered through filter paper and rinsed 
with multiple aliquots of distilled water. Visual inspection of the PSAC beads after air drying for 
24 hours suggested that acid washing did not cause any degradation. 
The polystyrene beads used in this study to generate PSAC beads had a relatively large diameter 
of ca. 0.37 ± 0.03 cm. If smaller PS beads, with a diameter of 0.1 cm, which is a more typical 
value for industrial PS based ion-exchange resins, had been used to produce PSAC beads with a 
surface area of 139 cm2, then only 2.4 grams of these PSAC beads would be required to match 
the gold loading capacity of the 2.0 grams of coarse AC.  Furthermore, it is conceivable that even 
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smaller diameters of PSAC beads could be used in gold plants if their resistance to attrition 
during the gold ore processing was sufficient. 
4.3.3.2 Ball-Pan Hardness Tests  
Ball-Pan Hardness was used to measure the abrasion resistance of activated carbon   and 
activated carbon coated polystyrene beads. The test is a standard method, ASTM D3802, used to 
measure the resistance to degradation of activated carbon used in industrial gold CIL and CIP 
plants. Ball-Pan hardness has also been used by other researchers to quantify the resistance to 
degradation or attrition of activated carbons designed for use in other commercial applications 
[51, 52, 53] . This test was used to evaluate the ability of the PSAC beads to withstand and resist 
frictional forces associated with washing, pumping, and transferring. Stronger resistance to 
mechanical abrasion is indicated by a higher hardness number.  The results of the Ball-Pan 
Hardness tests are summarized in Table 14. The results indicated that, overall, PSAC beads have 
excellent resistance to attrition, and are slightly superior in that compared to the coarse carbon 
used in the Red Lake Gold mines carbon circuit as shown in Appendix M-1, Full set of the Ball-
Pan Hardness test results and measurements of density of fresh polystyrene beads, and PSAC 
beads. 
Table 14:  Ball-Pan Hardness of fresh coarse activated carbon and PSAC beads 
Property Fresh coarse  
carbon 
PSAC bead 
Ball-Pan Hardness 99.33 ± 0.23 99.94± 0.05 
4.3.3.3 Stripping of PSAC beads  
After loading PSAC beads with gold through activity tests, stripping tests were conducted using 
the large elution column (LEC) at Red Lake Mines.  In the tests,  18.00±0.01g samples of PSAC 
beads were placed in separate mesh containers that were lowered to rest on top of a bed of coarse 
activated carbon that was to be stripped in the LEC.. Twelve separate samples were tested.  
Samples 1 to 7 were stripped in the LEC that was operated at a flow rate of 5.6 m3/hr, 
temperature of 142.5ºC and pressure of 72.7 psi. Samples 8 to 12 were stripped in the LEC that 
was operated at a flow rate of 5.9 m3/hr, temperature of 142.2ºC and pressure of 70.85 psi. 
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Figure 45  shows the flow rate, temperature, and pressure data during the stripping cycles for the 
tests. Both LEC strips were run at 0.9% caustic and 0.7lb/t cyanide. . 
  
 
Figure 45: Flow rate, temperature, and pressure data collected during stripping of Samples 1 to 7 
(top) and Samples 8 to 12 (bottom) in the Large Stripping Column at Red Lake Mines 
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Once each stripping cycle was completed, the lid to the LEC was removed the remaining 
solution within the vessel (diluted strip solution) was drained to allow access to the mesh 
cylinders containing the PSAC samples. The cylinders were rinsed with fresh water prior to 
removal from the vessel Upon inspection, it was noted that the PSAC beads showed a milky 
white color indicating that stripping at a  temperature above a 140 ºC resulted in  severe 
degradation of the PSAC beads.  Figure 46: PSAC beads before (left) and after (right) stripping 
under industrial conditions in the Large Elution Column at Red Lake MinesFigure 46 illustrates 
the damage to PSAC beads caused by stripping under industrial conditionsFigure 46.  
 
Figure 46: PSAC beads before (left) and after (right) stripping under industrial conditions in the 
Large Elution Column at Red Lake Mines 
The degradation of the beads under industrial conditions is not surprising.  The PSAC beads 
were produced at 140ºC, where the PS surface became sufficiently fluid to allow activated 
carbon particles to become embedded within it.  So it is probable that this same temperature 
caused the surface to become sufficiently softened so as to allow the activated carbon fines to be 
removed from the PS surface.  Polystyrene-Divinyl benzene, PS-DVB, copolymers have greater 
strength and temperature resistance than pure polystyrene and are more conventionally used as 
support structures for ion-exchange beads [17].   It may be possible to produce PS-DVB-AC 
beads under hydrothermal conditions that can survive conventional stripping conditions.  
However further study would be necessary to confirm this, since the crosslinking in the PS-DVB 
structure would limit the mobility of the polymer chains when heated and affect the attachment 
of the activated carbon particles to its surface.  Alternatively, a lower temperature elution 
process, such as a modified AARL carbon stripping system at 110ºC, might be employed. 
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In order to test the stripping performance of the PSAC beads produced in this study under more 
moderate temperatures and pressures, samples of gold loaded PSAC beads were stripped in a 
mini elution column (MEC) at the Musselwhite plant using a bleed stream of the strip solution 
from the large elution column (LEC) circuit. A schematic diagram of the stripping circuit with 
the mini-elution column (labelled as Strip Vessel)  is shown in Figure 47.  
 
 
Figure 47: Schematic Diagram of Stripping Circuit at Musselwhite with Mini-Elution Column 
A total of five stripping experiment were completed using the mini-elution column. For these 
experiments, either 50 grams or 100 grams of PSAC beads, that had been loaded to a gold 
content of 37.08 g Au /tonne, were stripped over a period of at least 7 hours and then assayed for 
residual gold content to estimate stripping efficiency. Operational data for temperature in/out, 
pressure in/out and flow rate were recorded as a function of time for each test and appear in 
Appendix N, Operational data for temperature in/out, pressure in/out and flow rate were recorded 
as a function of time for each test. The average operational data and resulting calculated Strip 
Efficiencies for each test are shown in 
 
 
Table 15.
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Table 15: Average Operational Data and Calculated Stripping Efficiency for Mini- Elution 
Column Experiments  
Test 
No. 
Flow 
Rate in 
(Lt/hr) 
Pressure 
in 
(psi) 
Pressure 
out 
(psi) 
Temp. in 
(ºC) 
Temp. out 
(ºC) 
Strip 
Efficiency 
(%) 
1 0.25 19.2 16.6 79.8 22.9 34.4 
2 0.48 11.7 8.93 98.5 28.7 63.6 
3 0.89 32.9 31.0 124 63.2 86.2 
4 0.58 20.7 17.8 113 40.8 71.9 
5 0.47 30.2 27.2 108 33.7 88.45 
 
In each case, the stripped beads did not show any visible signs of degradation.  However, when 
interpreting the stripping efficiency results, it should be noted that the average data contained 
significant portions collected during start-up and cool-down and relatively large differences 
between inlet and outlet temperatures, which limits the conclusions that can be drawn.   That 
said, the stripping efficiencies, corresponding to the average inlet temperatures, are consistent 
with those reported by other researchers [7, 15] (see Figure 5 and Figure 6) and can be explained, 
somewhat, by the speciation of gold on the activated carbon. 
Gold primarily exists as Au(CN)2
- when it is adsorbed onto activated carbon from cyanide 
solutions [54, 55].  However, some proportion of Au(CN)2
- species may undergo reduction to 
become either Au and/or Au(CN).  In order to be stripped back into cyanide solution, these gold 
species must be converted back to the Au(CN)2
- state [8]. Though some methods have been 
demonstrated to be effective for converting Au and Au(CN) species to Au(CN)2
- as a 
pretreatment to stripping, conventional industrial practice is to simply operate at higher 
temperatures where conversion to Au(CN)2
- is naturally favoured [8]. 
Time-of-Flight Secondary Ion Mass Spectrometry, ToF-SIMS,  analysis showed that there is 
significant intensity at the mass position of Au(CN)2 in the spectrum from the surface of the 
loaded carbon coated beads whereas there was no intensity identified at the mass position 
Au(CN)2 in the spectra of the fresh (not loaded) carbon coated beads.  It is clearly indicated that 
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gold is mainly adsorbed as Au(CN)2 on the surface of the loaded PSAC beads as can be seen in 
Figure 48 and Figure 49. However, the presence of minor peaks for Au and AuCN clearly show 
their presence. 
  
Figure 48: ToF –SIMS images for listed species and spectra in the mass region of Au(CN)2 on 
the surface of a loaded PSAC bead. 
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Figure 49: ToF–SIMS spectra in the mass region of Au, AuCN and Au(CN)2 on the surface of a 
loaded PSAC beads along with a Table showing the corrected intensities (CI) for selected Au 
mass positions 
It can be seen clearly that the intensity of the Au(CN)2 peak is ca. > 25 times that of the Au and 
AuCN peaks. This illustrated that Au or AuCN are present in relatively low, but significant, 
amounts that may negatively affect stripping efficiency. The results are shown in Appendix O, 
ToF‐SIMS images for selected species along with Au(CN)2 spectra on the surface of coated 
beads from the fresh (not loaded) and loaded carbon beads. 
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 Exploring a Potential Industrial Process to Produce PSAC beads under 4.3.4
Hydrothermal Conditions 
The statistical analysis of results of the factorial experiments section concluded that the range of 
conditions tested did not significantly affect the quality of resulting PSAC beads.  This suggests 
that an industrial process for producing PSAC beads will produce beads of consistent quality so 
long as the temperature is controlled within 140 and 145 ºC for a period of time between 50 and 
70 minutes, there is a large excess of activated carbon, and that the level of agitation is sufficient 
so to homogenously suspend the activated carbon and polystyrene beads.  
If PSAC beads were to be produced in such an industrial process, the process would be fed with 
fresh polystyrene beads along with a small quantity of activated carbon, equivalent to the amount 
consumed in producing the finished PSAC beads, while retaining a large inventory of activated 
carbon fines in the reactor.  Hence, the activated carbon within the reactor that would have much 
longer residence times relative to the polystyrene beads.  To test whether or not the activated 
carbon degraded under the hydrothermal conditions used to generate PSAC beads, size 
distribution and BET analyses were performed on samples on activated carbon fines, before and 
after exposing them to conditions similar to those under which PSAC beads are formed.  The 
possible degradation of the polystyrene itself, during the production of PSAC beads, was also 
explored by comparing the toughness of raw PS and PSAC beads through compression testing. 
4.3.4.1 Stability of Activated Carbon under Hydrothermal Conditions 
In order to study whether or not the conditions in the autoclave lead to degradation of the 
activated carbon fines, three separate tests were run.  One samples of activated carbon fines was 
heated at 140ºC for 11.7 hours (referred to in figures as 140ºC 10 times), a second was heated at 
140ºC for 70 minutes, and a third was heated at 145ºC for 70 minutes.  Afterwards, the activated 
carbon samples were then collected and analysed by Laser Particle Analysis and BET Analysis. 
The resulting size distributions, as measured by Laser Particle Analysis, are shown in Figure 50.  
The fresh activated carbon particle size was in the range of  5 to 194 μm in diameter, the size of 
activated carbon particles after being in the autoclave at 140ºC for 11.7 hours at 140ºC for 70 
minutes and at 145 oC for 70 minutes were all in the range of 5 to 195 μm in diameter, which is 
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nearly identical to the particle size distribution of the fresh activated carbon. This indicated that 
size reduction of the activated carbon due to conditions in the autoclave is not an issue. The 
stability of the activated carbon used in this study was identical to trend for fresh activated 
carbon reported by others [56]. 
 
Figure 50: Particle size distributions of activated carbon, Activated carbon at 140ºC 10 times, 
activated carbon at 140ºC and 145ºC. 
A Change in the size distribution is only one measure of how the fines be affected by conditions 
in the autoclave.  It is possible that, as the water inside the reactor boils under hydrothermal 
conditions, water vapers bubbles will nucleate and grow within the pores of the activated carbon 
and destroy its pore structure without a decrease in the macroscopic size distribution. To study 
whether or not this occurred, the activated carbon samples were testing using BET Analysis at 
Laurentian University.  The characterization of changes in pore network structures of activated 
carbon on the basis of changes in vapour adsorption by BET analysis is  widely accepted[57].  
Figure 51 shows the N2 adsorption isotherms for all samples.  All samples indicated a Type Ι 
adsorption [58], which represents activated carbon with a predominantly microporous structure. 
A rapid increase in gas adsorption was observed at relatively low pressures followed by a plateau 
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at relatively high pressures.  The plateau region indicated adsorption of gas on microporous 
surfaces. The slight upturn at end of the plateau region indicated the filling of micropores with 
gas after their surfaces had been completely covered.  Table 16 also shows the N2 sorption 
characterization results for specific surface, m²/g, specific micropore area, m²/g,  and specific 
micropore volume, cm³/g, of the activated carbon samples. The similarity in the BET results 
indicates that no significant changes in the activated carbon pore structure occurred due to 
hydrothermal treatments tested.  This result is consistent with reported results for activated 
carbon pore structure stability under similar conditions [59].  This result is not surprising, given 
that the fine carbon used in this study was generated by grinding the coarse activated carbon that 
used in the industrial gold milling process, and that carbon is continually reused after repeated 
cycles of loading and stripped under even harsher conditions.  Furthermore, hydrothermal 
treatment of other bio-mass derived activated carbons have even demonstrated improvements in 
texture, chemical and electrochemical properties [60]. The complete BET analysis are appended 
in Appendix P. 
 
Figure 51: N2 adsorption isotherm of all samples of activated carbon fines treated in an autoclave 
under hydrothermal conditions. 
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Table 16: N2 sorption characterization results for activated carbon fines after hydrothermal 
treatments 
 Parameter 140
o
C 10 
times 
140
o
C 145
o
C Fresh Carbon 
Specific Surface Area 
(m²/g) 
874.1793 848.3588 870.5399 884.9436 
Specific Micropore Area 
(m²/g) 
721.1479 704.3626 717.3036 730.9921 
Specific Micropore 
volume (cm³/g) 
0.380405 0.370612 0.377231 0.384718 
The results of size distribution and BET analyses indicate that activated carbon does not 
significantly deteriorate under the hydrothermal conditions under which PSAC beads are formed. 
4.3.4.2 Toughness of PS beads 
In order to test whether the polystyrene beads themselves were degraded by the hydrothermal 
conditions that produce PSAC beads, the toughness of eight raw PS beads and eight PSAC beads 
was measured in compression tests using a Digital Tritest 50. The PSAC beads used in this 
portion of the study were generated under the same conditions as those that were previously 
tested for gold loading, acid washing, Ball-Pan Hardness, and stripping, namely: a temperature 
of 140°C, Ratio of 35.5, 1400 rpm impeller speed, and time of 70 minutes. 
Using the strain rate and time-stamped force data, plots of force verses distance data were 
generated for each bead compression test.  Figure 52 shows typical force versus distance plots 
for a fresh PS bead and a PSAC bead.  The force/distance data was then integrated up to the 
maximum force in order to estimate the energy absorbed up to failure.  This energy value was 
then divided by the volume of the bead (calculated using the diameter of the bead) to estimate 
the energy absorbed up to failure, i.e. the toughness of the bead.  The toughness testing outcomes 
is appended in Appendix Q, Complete set of toughness testing results. 
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Figure 52: Typical force versus distance plot for compression test of raw PS bead (top) and 
PSAC bead (bottom) 
The average toughness of the raw PS beads was calculated to be 3.5 ± 1.4 MJ per m3, while the 
toughness of the PSAC beads was calculated to be 4.1 ± 17. MJ per m3.  These values do not 
show a degradation in toughness from raw PS beads to PSAC beads.  This is also borne out by 
the similar shape of force/distance plots for the two types of beads.  If anything, the slightly 
higher average toughness of the PSAC beads may indicated be that the heat treatment smoothed 
out and/or eliminates some defects in the polystyrene beads that may act as stress raisers.  
Overall, the beads maintained their toughness which supports the results obtained previously 
from Ball-Pan Hardness tests. 
  
0
50
100
150
200
250
300
350
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014
Force / N 
Distance / m 
0
100
200
300
400
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014
Force / N 
Distance / m 
 87 
   
5 Conclusions 
A new method for generating activated carbon coated polystyrene beads using hydrothermal 
conditions was invented.   By method of suspending raw polystyrene beads in superheated water, 
along with an excess amount of fine activated carbon particles, the activated carbon can be made 
to coat the beads and form polystyrene-activated carbon, PSAC, beads. These PSAC beads have 
been shown to be suitable as ion-exchange beads under industrial gold milling conditions, 
combining the relatively low cost and proven technology of activated carbon with the wear 
resistance of polystyrene based ion exchange resins. The optimal conditions for producing PSAC 
beads have been identified in the course of this research and have been used to explore the 
potential design and operation of an industrial process to produce PSAC beads.  This research 
was the subject of an international patent recently submitted and registered by Goldcorp [61] 
demonstrating its innovative nature and contribution to the state of the art of the technology for 
gold cyanide ion-exchange.  
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6 Recommendations for Future Work 
Producing PSAC beads under hydrothermal conditions was the route most deeply explored route 
for producing ion-exchange beads for use in conventional gold cyanidation processes.  If the co-
extrusion route for producing PSAC pellets were to be pursued, some work will likely be needed 
to optimize the stripping performance of the beads. This might be achieved by some kind of 
post-treatment to make the pellets more porous to the stripping solution, such as by foaming 
them with carbon dioxide. The optimized PSAC beads produced in this study used relatively 
large polystyrene beads.  Smaller diameter beads, that more resemble the size of industrial IX 
resins, should be produced and tested.  Further work should also look into optimization of 
stripping and reuse of the PSAC beads.  Improving the performance of the beads during string 
might be explored through the manufacture of PS-DVB-AC beads.  The PS-DVB co-polymer is 
known to be harder than pure PS and so may improve the mechanical strength of the beads and 
allow them to survive the conditions for gold stripping.  This is the material that most 
commercial resins are made of so further research into the its suitability for making PSAC bead 
may be merited.  Engineered acctivated carbons are being produced from polymer precursors to 
have specific and highly tuned properties.  These carbons tend to be very fine, often nano-sized, 
and so have not found industrial application.  Further research into the production of PS-AC or 
PS-DVB-AC beads with these types of activated carbons or some other solid nano-sized gold 
sorbent would also be interesting. 
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7  Appendices 
 Appendix A: Procedure: Polystyrene/Fine Activated Carbon – Activity 7.1
Test Procedure 
 
1. Obtain weighed samples of activated carbon or beads  
2. Wash samples with water over a 600 µm sieve 
3. Place samples in clearly marked metal saucers 
4. Dry samples in stove in wet lab at approximately 120°C. It should take about two hours 
to dry. 
5. Using the 20L buckets, fill each bucket halfway with feed to “CIP 1” or, if CIP reactors 
are not running, with slurry in “leach tails 4”. 
6. Dump all the slurry into the filter press marked “leach tails” in the wet lab.  
7. Start the filter press and fill the 500mL samples bottle and the three 1L sample bottles 
with the filtrate.  
8. When all the filtrate has passed through the filter, discard the filter cake. 
9. Wash filter press. 
10. Determine the CN concentration in the 500mL sample bottle. This is done by titration. 
The procedure is at the titration station. Record the CN concentration. 
11. Determine the pH of the 500 mL sample bottle. The procedure for operating the pH 
meter, as well as the pH meter itself, are at the titration station. Record the pH 
12. Once the samples are dried (about two hours after having initially placed it in the oven), 
remove the metal saucers with the heat resistant gloves stored underneath the oven, and bring 
them to the dry lab. 
13. After allowing the metal saucers to cool, weigh the samples and place them in bottles on 
roll bottles  
14. Place two predetermined of the fresh carbon or beads in labeled bottles  
15. Place 1L of the filtrate from the CIP in each of the bottle roll bottles. Do not let the 
bottles sit for long periods of time. 
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16. Inspect bottle roll apparatus to ensure that nothing is obstructing the rolls. 
17. Plug in bottle roll apparatus 
18. Place bottles on the apparatus 
19. Set timer to 30 mins 
20. Label bottles using the Metallurgy Lab Log Book. A 100 mL sample will be gathered 
from each bottle roll bottle at 30 minute, one hour, and two hour intervals. A 500 mL sample will 
be gathered after 5 hours. The descriptions in the log book should match accordingly. 
21. When the timer rings, place the funnel over the 100 mL graduated cylinder. 
22. Pour 100 mL of bottle roll bottle 1 into the cylinder. 
23. Pour the contents of the cylinder into the 100mL sample bottle marked sampled at 30 
mins for each test 
24. Repeat at 1 hour, and at two hours.  
25. Gather a 500mL sample with the 500mL graduated cylinder and the 1L sample bottles at 
5 hours. 
26. Send all samples to the assay lab for Au assay 
27. Pour the remainder of the liquid down the drain 
28. Wash all containers, and leave them to dry 
 
 Appendix B-1:M6.01 – Procedure for free cyanide titration 7.2
(leach/grinding thickener/CIP 
 
1. Filter solution sample through a Whatman#1 qualitative filter paper (11 um). 
2. Measure a 10 ml sample of the filtered solution and add to a clean 50 ml beaker. 
3. Add 5 drops of Rhodanine indicator to sample and stir. Solution will turn a 
yellow/orange. 
4. Record the start volume (ml) of silver nitrate solution (AgNO3) in the buret. 
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5. Titrate sample slowly silver nitrate, while stirring the sample. Stop titrating immediately 
once the sample turns a pale pink colour (end point). Note: add the silver nitrate drop by 
drop when close to the end point. 
6. Record end volume (ml) of silver nitrate in buret. 
7. Calculate silver nitrate used in titration =end volume (ml) – start volume (ml) 
8. PPM sodium cyanide = 100 X (ml silver nitrate used in titration) 
 Appendix C-1: Procedure no.1, Low level gold by direct aspiration on the 7.3
FAAS 
Principle: 
The Mill Operators collect solution samples from various locations throughout the mill process 
for metallurgical accounting and process optimization purposes. These solutions can be done 
several ways, but the technique that must be chosen depends on the gold content and matrix of 
the solution.  
Solutions that are greater than 0.1 grams Au per tonne can be read directly on the FAAS using 
calibration standards that have been prepared in a cyanide matrix. The main reasons that this 
method would be used are that it is very quick, and it has the fewest sources of error because the 
method requires no sample treatment or volume measuring. The limitation of this method is that 
the AA readings become unreliable as the detection limit of 0.03 ppm is approached. 
Safety Precautions: 
Required Personal Protective Equipment: 
Safety Glasses are Mandatory in all Lab areas. 
Steel-toed Leather boots are mandatory in all Lab areas. 
Chemical-resistant gloves 
Other Precautions: 
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Be sure that the ventilation fan for the FAAS is on before you begin 
Keep in mind that these solutions contain cyanide and take the necessary precautions of keeping 
acids away from the solutions to prevent the generation of deadly cyanide gas 
Quality Control: 
Organize solutions according to the template for the Varian worksheet 
Always run use a fresh portion 1.00 and 5.00 ppm standard with each run to determine if the 
calibration standards are becoming concentrated 
If the 1.00 or 5.00 ppm standards are out by more than 5% and 2%, respectively, recalibrate; if 
after the second calibration the standards are still out, discard the calibration standards and use 
fresh standards; test again 
Always use the proof gold standard to check that the Au calibration standards are good 
 
Equipment / Reagents: 
De-ionized Water 
1-ml Volumetric Pipette 
100-ml Volumetric Flasks 
10-ml Graduated Test Tubes 
Pipette Bulb 
Autosampler Racks 
Agilent AA240 FAAS  
Agilent SPS-3 Autosampler 
1 ppm Au Standard (Cyanide Matrix) 
2 ppm Au Standard (Cyanide Matrix) 
5 ppm Au Standard (Cyanide Matrix) 
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10 ppm Au Standard (Cyanide Matrix) 
Proof Gold Standard (Cyanide Matrix) 
Blank (Cyanide Matrix) 
Personal Computer 
Method: 
1. Organize the samples in the order that they are in on the template for the Agilent 
worksheet. Typically, the mill run solutions that are run using this method include:  
Table C-1 
Sample Identification 
Dilution 
Required? 
Expected 
Concentration Gold 
Gram/Tonne 
Leach Feed No 0.50 - 1.20 
Leach Tails No 3.00 - 6.00 
Electrowinning Tails (or 
Barren) 
Yes, 1/10 10.00 - 20.00 
Electrowinning Feed (or Preg) Yes, 1/100 50 - 300.00 
Leach #1 No 3.00 - 6.00 
Leach #2 No 3.00 - 6.00 
Leach #3 No 3.00 - 6.00 
Leach #4 No 3.00 - 6.00 
Acacia Preg Solution Yes, 1/250 750 – 2000 
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2. Transfer about 10-ml of each solution to a 10-ml graduated test tube and place the test 
tube in the Autosampler racks according to the template for the Varian worksheet. 
3. Transfer about 10-ml of 1.00 ppm Standard into a 10-ml graduated test tube and place 
in position on the Autosampler rack according to the template. 
4. Transfer about 10-ml of 5.00 ppm Standard into a 10-ml graduated test tube and place 
in position on the Autosampler rack according to the template. 
5. Place the Autosampler rack on the Varian Autosampler and set up the Agilent AA240 
FAAS for reading the gold in the samples. 
Refer to Good Measurement Practices for setting up the Agilent AA240 FAAS to read for 
gold; the way that the FAAS is set up will vary according to sample type. 
Calculations: 
Because these samples are read directly on the FAAS, the reading obtained is the one that will be 
exported to the LIMS database. The exceptions are those samples that must be diluted such as 
the Electrowinning solutions. In most cases, however, the AA template has the dilutions already 
set, as these solutions usually have values in stable ranges. E.g. #1 You have just read an 
Electrowinning Feed solution that has been diluted 1/100. The reading that you got on the 
FAAS is 2.07 µg/ml. What is the actual concentration of the original sample?  
FAAS reading (µg/ml) X Dilution Factor = Original solution concentration (µg/ml) 
2.07 X 100 = 207 µg/ml 
 Appendix D-1: Procedure no.3, Analyzes for carbon and carbon coated 7.4
beads for gold  
 
1. Air-dried the sample overnight. 
2. Weighed approximately 5 grams of material into each crucible.  (For this sample, (25+ 
grams), we needed 5 crucibles.)Crucible fluxed as we do a blank, with 2ml silica added. 
3. “Balls” covered by flux to avoid spitting or flaring. 
4. 25% silver nitrate added to each crucible with borax cap (2ml) 
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5. Fused at 1900F for 35 minutes, poured, and buttons cupelled. 
6. Beads flattened and parted in 20% HNO3. 
7. Gravimetric finish.  
8. Add all sample weights together. 
9. Add all gravimetric results together.  
10. Divide gravimetric total (mg) by the total sample weight (g), multiply by 1000 to get 
result in g/t. 
 Appendix E-1: Procedure no.2, Base metal analysis on mill solutions by 7.5
FAAS 
Principle: 
Musselwhite ore contains base metals such as copper, iron and nickel. These metals can 
influence the way that various mill processes work. Therefore, it is necessary for the 
metallurgists to do trend analysis on the base metals content of samples from various stages of 
the process so that the effect of the base metals can be minimized or adequately compensated for 
in the way that the mill parameters are set. 
The Assay Laboratory generally receives three types of samples from the mill: solutions, 
residues, and carbon samples. This procedure deals with assaying the solutions. The mill 
solutions are alkaline and the cyanide that is present keeps the metals complexed so that they do 
not precipitate. However, the samples must be converted to an acid matrix for reading on the 
FAAS.  
Safety Precautions:    
Required Personal Protective Equipment: 
Safety Glasses are Mandatory in all Lab areas. 
Steel-toed Leather boots are mandatory in all Lab areas. 
Chemical-resistant gloves. 
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Other Precautions: 
Some mill solutions that are delivered to the assay lab come in thin-walled test tubes – be careful 
when removing stoppers from them, as they may crack or break.  
Work under ventilation when acidifying solutions. 
Quality Control: 
All glassware must be clean prior to using 
Insert a known standard and blank into the sample order during reading on the FAAS 
 
Equipment/Reagents: 
10-ml Graduated Test Tubes 
00 Rubber Stoppers 
2-ml Volumetric Pipette 
5-ml Volumetric Pipette 
Wash Bottle  
De-ionized Water 
Concentrated Hydrochloric Acid 
33% Nitric Acid 
(2)1-ml Bottle-top Dispenser 
1 ppm Cu, Fe, Ni Standard 
2 ppm Cu, Fe, Ni Standard 
5 ppm Cu, Fe, Ni Standard  
Blank (Acid Matrix) 
 97 
   
Agilent AA240 FAAS 
Agilent SPS-3 Auto sampler 
Personal Computer 
Method: 
Mill solution samples are typically in a Cyanide matrix, which is alkaline. Because it is 
important to match the matrix of the samples to the FAAS calibration standards, the samples are 
acidified with Hydrochloric Acid and Nitric Acid. The amount of acid used is calculated to be 
approximately the same concentration as the standards, including any acid that may be consumed 
to neutralize the samples first.  
While acidifying, cyanide gases may be generated if CN is present in the sample. Therefore, 
this step must be carried out in the fume hood. The samples are then left for about 5 
minutes to be sure that all CN has been driven off before proceeding. 
Take a suitable aliquot for the element of interest. Below is a table with guidelines:  
Table E-1 Standard Aliquot Volumes for Regular Mill Solutions 
 
Sample ID 
Aliquo
t 
(ml)/ 
Volum
e 
Approximate Range (ppm) 
Cu Fe Ni 
PPM 
AA 
Readin
g 
PPM 
AA 
Readin
g 
PPM 
AA 
Readi
ng 
Cyanide Destruction 
Discharge 
5/10 
0.5 - 
10 
0.25 – 
5 
0.2 – 
1.0 
0.1 - 
0.5 
NA NA 
Cyanide Destruction 
Feed 
2/10 5 - 15 1 - 3 5 – 15 1 – 3 NA NA 
Leach Tails (1,2,3, or 4) 1/10 
10 – 
25 
2 - 5 
15 – 
25 
3 – 5 NA NA 
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Leach Feed 2/10 5 - 25 1 - 5 
15 – 
25 
3 – 5 NA NA 
Electrowinning Preg 
Solution 
2/10 
10 - 
25 
0.5 – 
5.0 
1 – 10 0.5 – 2 NA NA 
Electrowinning Preg 
Solution 
2/100 NA NA NA NA 
50 – 
400 
1 – 2 
Electrowinning Barren 
Solution 
2/10 1 - 10 
0.5 – 
5.0 
1 – 10 0.5 – 2 NA NA 
Electrowinning Barren 
Solution 
2/100 NA NA NA NA 
50 – 
400 
1 - 2 
Copper and Iron Analysis 
6. Place and order the test tubes in a rack. 
7. Measure the aliquot as per sample type and discharge into a 10-ml graduated test tube. 
8. Put the rack of samples in the fume hood and add 2 ml of 33% Nitric acid to each 
sample using the dispensing pump. 
9. Add 2 ml of Concentrated Hydrochloric acid to each sample using the dispensing 
pump. 
10. Allow samples to set in the fume hood for at least 5 minutes so that all fumes are 
dispersed. 
11. Top up the test tubes to the 10-ml mark with de-ionized water, stopper and shake. 
12. Place the test tubes on the Agilent rack according to the template for the mill solutions. 
13. Insert a blank and a 2.00-ppm multi-element standard on the rack according to the mill 
solution template. 
14. Select the test tube positions on the mill template for the elements that you wish to run. 
Refer to the Good Measurement Practices for the proper set up and operation of the 
FAAS for the elements of interest. 
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Nickel Analysis on Electrowinning Samples: 
15. Put about 50-ml of de-ionized into a 100-ml volumetric flask. 
16. Take the appropriate aliquot of solution as per the sample type and discharge it into the 
volumetric flask in step 1. 
17. Place the flask in the fume hood and add 3 ml of 33% Nitric acid to each sample using 
the dispensing pump. 
18. Add 3 ml of Concentrated Hydrochloric acid to each sample using the dispensing 
pump. 
19. Allow samples to set in the fume hood for at least 5 minutes so that all fumes are 
dispersed. 
20. Top up the volumetric flasks to the 100-ml mark with de-ionized water, stopper and 
shake. 
21. Place the test tubes on the Agilent rack according to the template for the mill solutions. 
22. Insert a blank and a 2.00-ppm multi-element standard on the rack according to the mill 
solution template and read the elements of interest on the Varian FAAS. 
Refer to the Good Measurement Practices manual for the proper set up and operation of 
the FAAS for the elements of interest.     
Calculations:  
The FAAS readings for all regular mill solutions, in mg/L, are exported into the LIMS database 
for reporting. However, occasionally some samples read “OVER” on the FAAS – which means 
that the sample absorbance is higher than the highest standard. Any samples that read "OVER" 
on the Agilent FAAS can be diluted and read again, or the absorbance values can be extrapolated 
on the calibration curve (assuming that the curve is a straight line). If you elect to use a dilution, 
you must multiply the reading by the dilution factor to obtain the value that it would have been if 
the FAAS could have read them using the theoretical aliquots in the first place. Whether a 
dilution technique is used, or the value is calculated using absorbances, the final value must be 
modified in the LIMS database following exporting. 
Please refer to the Good Laboratory Practices manual for information on the use of the 
LIMS database. 
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E.g. #1 Leach Tails solution reads “OVER” for Iron – how do you calculate the value you 
enter into LIMS? 
1. The highest standard is 5.00-ppm, so if the FAAS read “OVER” you know that your 
sample is over 5.00-ppm. 
2. The theoretical aliquot was 1 ml into a 10 ml volume and you had to dilute the sample, 
again 1-ml into 10-ml and reread. You get an AA reading of 1.47ppm. 
3. Multiply 1.47 by 10 (dilution factor) to get a final assay of 14.7 mg/l. 
For samples that are assayed for trend analysis only, you can do a simple extrapolation 
calculation if the sample absorbance is reasonably close to the highest standard absorbance. 
E.g. #2 Leach Tails solution reads “OVER” for Iron – how do you extrapolate the value to 
enter into the EXCEL spreadsheet? 
1. The highest standard is 5.00-ppm, so if the FAAS read “OVER” you know that your 
sample is over 5.00-ppm. 
2. Before the FAAS will label a sample "OVER" it will give an absorbance reading. 
3. You assume that there is a perfect linear relationship between absorbance and 
concentration. 
4. Note that the sample has been diluted already (in this case, 1ml into 10, or a 10X 
dilution). 
5. Using the Absorbance value for the 5.00-ppm standard, you do a simple substitution to 
determine the unknown sample concentration. 
Sample Absorbance = 0.655 
5.00 ppm Standard Absorbance = 0.589 
(Sample Absorbance/5.00 ppm Standard Absorbance) X Standard Concentration 
X dilution or   (0.655/0.589) X 5.00 X 10 = 55.6 ppm 
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 Appendix F-1: Operation of the Mini Elution Column (MEC) 7.6
Gently the union connector was unscrewed along with all bolts on either top or bottom of the 
MEC in a crisscross manner using a cordless 1/2” impact gun and 1 1/8” impact socket. An 
adjustable wrench was also made available to remove the bolts that cannot be accessed with the 
impact. Then the MEC lid was removed. The filter disc then was removed using two ¼” bolts to 
screw into filter disc. Using a wrench or piece of pipe between the two bolts, the filter disc was 
gently torqued and removed. The basket was removed from the graduated cylinder and was 
placed inside the mini elution column. Then the disc filter was put back. Then the gasket was put 
back to the lid and aligned the top union connector to the solution feeding pipe. Then all bolts 
were tighten in a crisscross manner with an adjustable wrench or the impact wrench. The 
adjustable wrench was necessary to tighten bolts that could not be accessed with the impact 
wrench. Then the union connector was tighten with an adjustable wrench to prevent in leaking. 
When temperature in the large barren tank reached 80
o
 C, the operator started the strip by 
opening the top valve feeding barren solution to the top of the large elution column, and then it 
was time to begin the test. Then the lock on barren line to the MEC was removed and slowly 
opened valve BV-1 to MEC to 45 degrees (halfway open). Then slowly flow valve BV-3 was 
opened and the system was checked for any leaks. Backpressure and flow through the column 
readings were monitored on the nearby instrument panel. With valve BV-3 fully open, 
backpressure was adjusted by valve underneath column to 65-70 psi. Then manually flow rate 
was set to 2 BV/hr (1.7 L/hr or the desired rate by adjusting flow valve BV-2 by hand. This took 
some fine tuning with the backpressure valve. Both valves were manipulated for few minutes 
until the appropriate pressure and flow were achieved.  Then samples were taken for the zero 
hour pregnant solutions from the large elution column at sample port CV-3 and mini-elution 
column at sample port CV-2. Sampling was repeated for cycle of pregnant solutions from LEC 
and MEC once every hour. The LEC cool down start time was considered as the final sample. 
After taking this sample, flow valve BV-1, flow valve BV-3 and drain valve DV-3 were closed. 
Then the circuit was left to cool down and when the temperature on the instrument panel or on 
the HMI screen reaches 35
o
C it was time to take the stripped carbon sample out for assay 
analysis. To clean the MEC, small blocking nipple from drain valve DV-2 underneath MEC was 
unscrewed. With catch pan underneath column, drain valve DV-2 was slowly opened to allow 
solution to drain. Then drain valve DV-2 was closed after the draining was completed and small 
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blocking nipple was put back. Then the top lid was removed and then the filter disc slowly 
opened in order to retrieve the basket. After the basket was removed, the column was also 
opened at the bottom and washed out the inside column with fresh water, catching all solution 
and any possible fine carbon in the pan below. Then the mini elution column was rinsed with 
fresh water and lid was restored. The stripped carbon sample was washed of any solution and 
place in oven to dry. After 2-3 hours of drying, stripped carbon sample was removed from the 
oven and the dry weight of stripped carbon was recorded and sent to the laboratory for assays. 
For sampling, Samples were taken of the initial (loaded) carbon as well as the final (stripped) 
carbon. Pregnant solutions for the LEC and MEC were taken once every hour. The LEC 
sampling point was above the preg tank labeled as CV-3. The MEC sampling point was in the 
elution area sump, labeled as CV-1. The pretreatment solution was sampled before and after 
pretreatment. In total there were samples for: barren 0hr, stripped and loaded carbon, pregnant 
solutions for both LEC and MEC at 1 hour intervals. All samples were assayed for ‘all metals’ – 
Au, Cu, Fe and Ni. Similar steps were followed to strip PSAC loaded beads. 
Table F-1: Valve Descriptions 
Valve Description 
BV-1 Main barren line from large elution circuit to mini-elution circuit ( locked)  
BV-2 3-way tee on main barren line from large elution circuit. always 'fully open' 
BV-3 Barren valve from main barren line from large elution circuit into MEC  
BV-4 Barren valve from main barren line to mini-elution barren storage tank 
BV-5 Discharge from mini-elution barren storage tank to metering pump 
BV-6 Not currently in use 
BV-7 Caustic soda line to mini-elution barren storage tank 
PV-1 Pressure valve on in-flow of solution to column 
PV-2 Pressure valve on out-flow of solution from column 
SV-1 Steam valve from main steam line to mini-elution circuit 
SV-2 Steam valve from mini-elution circuit steam line into heat exchanger 
DV-1 Drain valve on top of MEC. Should have blocking nipple in place 
DV-2 Drain valve on bottom of MEC. Should have blocking nipple in place 
DV-3 Drain valve from mini-elution circuit to sample port / sample drain 
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DV-4 Drain valve from mini-elution circuit pregnant line to sump 
CV-1 Collection valve on inlet of sample cooler from MEC circuit pregnant line 
CV-2 Collection valve on outlet of sample cooler from MEC circuit pregnant line 
CV-3 Collection valve on outlet of pregnant solution line from large elution circuit.  
WV-1 Fresh water feed valve to sample cooler 
WV-2 Fresh water outlet valve from sample cooler 
 
Appendix F-2: Mini Elution Column (MEC) Set Up  
 
   
Picture F-1: Elution Column front picture, solution enters through the top and discharges at the 
bottom, Picture F-2: Rotated View of the Elution Column 
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Picture F-3: Top View of the Elution Column. The instruments detect the inlet solution’s 
flowrate, temperature and pressure, Picture F-4: Side-Bottom view of the Elution Column 
   
Picture F-5: Closer view of the top of the Elution Column, Picture F-6: Side View of the Elution 
Column.  
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Picture F-7: Close up view of the solution inlet, Picture F-8: Bottom View of the Elution Column 
     
Picture F-9: View of the Solution Pump.           Picture  F-10: Large Heat Exchanger. The steam 
enters through the top and exits at the bottom. The cold, mixed solution enters through the 
bottom and exits at the top. A valve is located at the junction to allow or deny the flow of this 
solution to the elution column. Alternatively, barren solution from the barren solution tank can 
flow through.  
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Picture F-11: The line that feeds the steam to the heat exchanger. Valve is located just above the 
heat exchanger and is used to allow or deny steam to the exchanger, Picture F-12: The branch 
from the main steam line to the pilot elution column. The two valves must be opened to allow 
flow to the heat exchanger.  
     
Picture F-13: Secondary Valve that allows the flow of barren solution from the main holding 
tank to the elution column, Picture F-14: The branch from the main barren solution line to the 
pilot elution column. The primary valve must be open to allow solution to flow.  
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Picture F-15: Mixed Solution Hold Tank, Picture F-16: View of the solution discharge through 
the back pressure valve 
 
 
 
 
 
Picture F-17: View of the solution outlet line, Picture F-18: The solution branch. It can either go 
to the sump or the sampling line, depending on which valve is open. 
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Picture F-19: Small Heat Exchanger. The solution passes through when the valve is open. The 
fresh water also passes through when its valve is open, Picture F-20: Discharge from Small heat 
exchanger. Each stream is allowed to flow out when the valves are open.  
 
 
  
Picture F-21: Complete Operation, including the elution column, large heat exchanger, mix tank 
and the computer paneled display.  
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 Appendix G-1, The full set of TGA data 7.7
 
     
Figure G-1: Thermogravimetric analysis of 140
o
C, 35 minutes and 1400 RPM polystyrene beads 
(uncoated) and DTG profile of 140
o
C, 35 minutes and 1400 RPM polystyrene beads 
 
 
  
Figure G-2: Thermogravimetric analysis of 140
o
C, 40 minutes and 1400 RPM polystyrene beads 
(uncoated) and DTG profile of 140
o
C, 40 minutes and 1400 RPM polystyrene beads 
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Figure G-3: Thermogravimetric analysis of 140
o
C, 50 minutes and 1400 RPM polystyrene beads 
(uncoated) and DTG profile of 140
o
C, 50 minutes and 1400 RPM polystyrene beads 
 
 Appendix H-1, Details of the loading characteristics of the pure activated 7.8
carbon particles 
Table H-1 
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Temperature, °C 
pH 10.8
[CN] (ppm) 420
Initial Au (g/t) 4.476
Mass of Beads (g) 70 70 70 70 70 70
Vol. of Solution (L) 1 1 1 1 1 1
Time (Minutes)
0 4.476 4.476 4.476 4.476 4.476 4.476
30 1.026 0.985 0.841 0.885 0.991 0.589
60 0.773 0.813 0.698 0.682 0.835 0.460
120 0.670 0.715 0.625 0.593 0.766 0.402
300 0.618 0.702 0.597 0.561 0.739 0.385
Time (Minutes)
0 0.00 0.00 0.00 0.00 0.00 0.00
30 77.08 77.99 81.21 80.23 77.86 86.84
60 82.73 81.84 84.41 84.76 81.34 89.72
120 85.03 84.03 86.04 86.75 82.89 91.02
300 86.19 84.32 86.66 87.47 83.49 91.40
Gold balance
Mass of Beads (g) 70 70 70 70 70 70
Vol. of Solution (L) 1 1 1 1 1 1
Final Sol'n Assay (mg/L) 0.618 0.702 0.597 0.561 0.739 0.385
Final Sol'n Gold Content (mg) 0.618 0.702 0.597 0.561 0.739 0.385
Final Bead Assay (g/t) 36.627 36.267 35.972 37.780 32.942 32.509
Final Bead Gold Content (mg) 2.564 2.539 2.518 2.645 2.306 2.276
Initial Sol'n Assay (mg/L) 4.476 4.476 4.476 4.476 4.476 4.476
Initial Gold Content (mg) 4.476 4.476 4.476 4.476 4.476 4.476
Recovery (using beads) 57.28% 56.72% 56.26% 59.08% 51.52% 50.84%
Recovery (using Sol'n) 86.19% 84.32% 86.66% 87.47% 83.49% 91.40%
6
6
28 26
Test ID 28 26
Assay (Au g/t)
Au Recovery
35 31 14
Test ID 35
Carbon Activity Test Data 
Leach Tails Solution
Au Recovery
Assay (Au g/t)
31 14
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Table H-2 
 
 
Sample ID Description Au (ppm) Au (g/t) Cu (ppm) Cu (g/t) Ni (ppm) Ni (g/t)
M5802 head 4.48 16.48 1.66
M5803 35 -30min 1.03 15.61 1.46
M5804 31 -30min 0.99 15.90 1.42 SAMPLE DATE:Apr 23/15 ASSAY DATE: Apr 24/15
M5805 14 -30min 0.84 15.69 1.36
M5806 28 -30min 0.89 15.81 1.28 NO. SAMPLE ID Au (g/t) Cu (ppm) Fe (%) Ni (ppm)
M5807 26 -30min 0.99 16.03 1.37
M5808 6 -30min 0.59 16.00 1.30 1 M6014 4.48 16.48 1.66
M5809 35 -60min 0.77 16.24 1.52 2 M6015 1.03 15.61 1.46
M5810 31 -60min 0.81 16.21 1.46 3 M6016 0.99 15.90 1.42
M5811 14 -60min 0.70 16.16 1.42 4 M6017 0.84 15.69 1.36
M5812 28 -60min 0.68 16.06 1.41 5 M6018 0.89 15.81 1.28
M5813 26 -60min 0.84 15.99 1.41 6 M6019 0.99 16.03 1.37
M5814 6 -60min 0.46 15.91 1.22 7 M6020 0.59 16.00 1.30
M5815 35 -120min 0.67 15.92 1.49 8 M6021 0.77 16.24 1.52
M5816 31 -120min 0.72 16.04 1.48 9 M6022 0.81 16.21 1.46
M5817 14 -120min 0.63 16.00 1.42 10 M6023 0.70 16.16 1.42
M5818 28 -120min 0.59 16.50 1.36 11 M6024 0.68 16.06 1.41
M5819 26 -120min 0.77 16.24 1.40 12 M6025 0.84 15.99 1.41 solutions
M5820 6 -120min 0.40 16.16 1.27 13 M6026 0.46 15.91 1.22
M5821 35 -300min 0.62 16.30 1.41 14 M6027 0.67 15.92 1.49
M5822 31 -300min 0.70 16.02 1.30 15 M6028 0.72 16.04 1.48
M5823 14 -300min 0.60 15.67 1.19 16 M6029 0.63 16.00 1.42
M5824 28 -300min 0.56 15.70 1.24 17 M6030 0.59 16.50 1.36
M5825 26 -300min 0.74 15.84 1.33 18 M6031 0.77 16.24 1.40
M5826 6 -300min 0.39 16.11 1.07 19 M6032 0.40 16.16 1.27
M5827 35 -loaded beads 36.63 0.30 2.89 20 M6033 0.62 16.30 1.41
M5828 31 -loaded beads 36.27 0.23 3.72 21 M6034 0.70 16.02 1.30
M5829 14 -loaded beads 35.97 0.65 4.12 22 M6035 0.60 15.67 1.19
M5830 28 -loaded beads 37.78 0.47 5.79 23 M6036 0.56 15.70 1.24
M5831 26 -loaded beads 32.94 0.09 3.98 24 M6037 0.74 15.84 1.33
M5832 6 -loaded beads 32.51 0.70 6.29 25 M6038 0.39 16.11 1.07
SAMPLE DATE:Jan 27/15 ASSAY DATE: Jan 28/15
NO. SAMPLE ID Au (g/t) Cu (ppm) Fe (%) Ni (ppm)
1 M6039 36.63 0.30 2.89
2 M6040 36.27 0.23 3.72 loaded beads
3 M6041 35.97 0.65 4.12
4 M6042 37.78 0.47 5.79
5 M6043 32.94 0.09 3.98
6 M6044 32.51 0.70 6.29
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Figure H-1 
Table H-3 
 
 
 
 
 
 
 
 
 
 
pH 10.67
[CN] (ppm) 420
Initial Au (g/t) 5.188
Mass of Beads (g) 70 70 70 70 70 70
Vol. of Solution (L) 1 1 1 1 1 1
Time (Minutes)
0 5.188 5.188 5.188 5.188 5.188 5.188
30 1.507 1.011 1.260 1.149 1.317 1.101
60 1.307 0.840 1.075 1.014 1.059 0.860
120 1.174 0.739 0.912 0.938 0.933 0.726
300 1.200 0.746 0.879 0.908 0.904 0.725
Time (Minutes)
0 0.00 0.00 0.00 0.00 0.00 0.00
30 70.95 80.51 75.71 77.85 74.61 78.78
60 74.81 83.81 79.28 80.45 79.59 83.42
120 77.37 85.76 82.42 81.92 82.02 86.01
300 76.87 85.62 83.06 82.50 82.58 86.03
Gold balance
Mass of Beads (g) 70 70 70 70 70 70
Vol. of Solution (L) 1 1 1 1 1 1
Final Sol'n Assay (mg/L) 1.200 0.746 0.879 0.908 0.904 0.725
Final Sol'n Gold Content (mg) 1.200 0.746 0.879 0.908 0.904 0.725
Final Bead Assay (g/t) 46.940 44.565 42.937 46.101 42.035 39.468
Final Bead Gold Content (mg) 3.286 3.120 3.006 3.227 2.942 2.763
Initial Sol'n Assay (mg/L) 5.188 5.188 5.188 5.188 5.188 5.188
Initial Gold Content (mg) 5.188 5.188 5.188 5.188 5.188 5.188
Recovery (using beads) 63.33% 60.13% 57.93% 62.20% 56.72% 53.25%
Recovery (using Sol'n) 76.87% 85.62% 83.06% 82.50% 82.58% 86.03%
16
16
27 9
Test ID 27 9
Assay (Au g/t)
Au Recovery
42 25 24
Test ID 42
Carbon Activity Test Data 
Leach Tails Solution
Au Recovery
Assay (Au g/t)
25 24
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Table H-4 
 
 
 
Sample ID Description Au (ppm) Au (g/t) Cu (ppm) Cu (g/t) Ni (ppm) Ni (g/t)
M6045 head 5.19 17.61 1.96
M6046 42 -30min 1.51 16.64 1.61
M6047 25 -30min 1.01 16.88 1.42 SAMPLE DATE:Apr 23/15 ASSAY DATE: Apr 24/15
M6048 24 -30min 1.26 16.62 1.75
M6049 27 -30min 1.15 16.47 1.47 NO. SAMPLE ID Au (g/t) Cu (ppm) Fe (%) Ni (ppm)
M6050 9 -30min 1.32 16.82 1.72
M6051 16 -30min 1.10 16.59 1.60 1 M6045 5.19 17.61 1.96
M6052 42 -60min 1.31 16.62 1.61 2 M6046 1.51 16.64 1.61
M6053 25 -60min 0.84 16.96 1.46 3 M6047 1.01 16.88 1.42
M6054 24 -60min 1.08 16.59 1.70 4 M6048 1.26 16.62 1.75
M6055 27 -60min 1.01 17.08 1.53 5 M6049 1.15 16.47 1.47
M6056 9 -60min 1.06 16.21 1.79 6 M6050 1.32 16.82 1.72
M6057 16 -60min 0.86 16.35 1.76 7 M6051 1.10 16.59 1.60
M6058 42 -120min 1.17 16.55 1.72 8 M6052 1.31 16.62 1.61
M6059 25 -120min 0.74 16.80 1.46 9 M6053 0.84 16.96 1.46
M6060 24 -120min 0.91 16.57 1.69 10 M6054 1.08 16.59 1.70
M6061 27 -120min 0.94 16.10 1.51 11 M6055 1.01 17.08 1.53
M6062 9 -120min 0.93 16.63 1.74 12 M6056 1.06 16.21 1.79 solutions
M6063 16 -120min 0.73 16.35 1.71 13 M6057 0.86 16.35 1.76
M6064 42 -300min 1.20 16.76 1.59 14 M6058 1.17 16.55 1.72
M6065 25 -300min 0.75 16.73 1.66 15 M6059 0.74 16.80 1.46
M6066 24 -300min 0.88 16.81 1.52 16 M6060 0.91 16.57 1.69
M6067 27 -300min 0.91 16.97 1.58 17 M6061 0.94 16.10 1.51
M6068 9 -300min 0.90 16.66 1.66 18 M6062 0.93 16.63 1.74
M6069 16 -300min 0.73 16.92 1.52 19 M6063 0.73 16.35 1.71
M6070 42 -loaded beads 46.94 0.74 4.32 20 M6064 1.20 16.76 1.59
M6071 25 -loaded beads 44.57 0.83 5.52 21 M6065 0.75 16.73 1.66
M6072 24 -loaded beads 42.94 0.63 2.77 22 M6066 0.88 16.81 1.52
M6073 27 -loaded beads 46.10 0.80 5.47 23 M6067 0.91 16.97 1.58
M6074 9 -loaded beads 42.04 0.73 2.40 24 M6068 0.90 16.66 1.66
M6075 16 -loaded beads 39.47 0.14 5.10 25 M6069 0.73 16.92 1.52
SAMPLE DATE:Jan 27/15 ASSAY DATE: Jan 28/15
NO. SAMPLE ID Au (g/t) Cu (ppm) Fe (%) Ni (ppm)
1 M6070 46.94 0.74 4.32
2 M6071 44.57 0.83 5.52 loaded beads
3 M6072 42.94 0.63 2.77
4 M6073 46.10 0.80 5.47
5 M6074 42.04 0.73 2.40
6 M6075 39.47 0.14 5.10
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Figure H-2 
Table H-5 
 
 
 
 
 
 
 
 
 
 
 
 
pH 11.01
[CN] (ppm) 400
Initial Au (g/t) 5.605
Mass of Beads (g) 70 70 70 70 70 70
Vol. of Solution (L) 1 1 1 1 1 1
Time (Minutes)
0 5.605 5.605 5.605 5.605 5.605 5.605
30 1.530 1.816 1.308 1.363 0.801 0.966
60 1.231 1.608 1.070 1.131 0.656 0.797
120 1.112 1.455 0.992 1.039 0.589 0.700
300 1.064 1.439 0.921 1.017 0.542 0.683
Time (Minutes)
0 0.00 0.00 0.00 0.00 0.00 0.00
30 72.70 67.60 76.66 75.68 85.71 82.77
60 78.04 71.31 80.91 79.82 88.30 85.78
120 80.16 74.04 82.30 81.46 89.49 87.51
300 81.02 74.33 83.57 81.86 90.33 87.81
Gold balance
Mass of Beads (g) 70 70 70 70 70 70
Vol. of Solution (L) 1 1 1 1 1 1
Final Sol'n Assay (mg/L) 1.064 1.439 0.921 1.017 0.542 0.683
Final Sol'n Gold Content (mg) 1.064 1.439 0.921 1.017 0.542 0.683
Final Bead Assay (g/t) 43.717 42.882 45.870 45.000 44.629 40.158
Final Bead Gold Content (mg) 3.060 3.002 3.211 3.150 3.124 2.811
Initial Sol'n Assay (mg/L) 5.605 5.605 5.605 5.605 5.605 5.605
Initial Gold Content (mg) 5.605 5.605 5.605 5.605 5.605 5.605
Recovery (using beads) 54.60% 53.55% 57.29% 56.20% 55.74% 50.15%
Recovery (using Sol'n) 81.02% 74.33% 83.57% 81.86% 90.33% 87.81%
23 18
Test ID 21
Carbon Activity Test Data 
Leach Tails Solution
Au Recovery
Assay (Au g/t)
23 18 20
20
47 41
Test ID 47 41
Assay (Au g/t)
Au Recovery
21
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Table H-6 
 
 
Figure H-3 
 
 
Sample ID Description Au (ppm) Au (g/t) Cu (ppm) Cu (g/t) Ni (ppm) Ni (g/t)
M6076 head 5.61 16.17 1.69
M6077 21 -30min 1.53 16.35 1.54
M6078 23 -30min 1.82 15.90 1.53 SAMPLE DATE:Apr 26/15 ASSAY DATE: Apr 27/15
M6079 18 -30min 1.31 15.98 1.36
M6080 47 -30min 1.36 16.36 1.40 NO. SAMPLE ID Au (g/t) Cu (ppm) Fe (%) Ni (ppm)
M6081 41 -30min 0.80 16.27 1.34
M6082 20 -30min 0.97 16.88 1.48 1 M6076 5.61 16.17 1.69
M6083 21 -60min 1.23 16.39 1.58 2 M6077 1.53 16.35 1.54
M6084 23 -60min 1.61 17.11 1.54 3 M6078 1.82 15.90 1.53
M6085 18 -60min 1.07 16.16 1.51 4 M6079 1.31 15.98 1.36
M6086 47 -60min 1.13 15.82 1.45 5 M6080 1.36 16.36 1.40
M6087 41 -60min 0.66 16.13 1.44 6 M6081 0.80 16.27 1.34
M6088 20 -60min 0.80 18.97 1.86 7 M6082 0.97 16.88 1.48
M6089 21 -120min 1.11 16.33 1.75 8 M6083 1.23 16.39 1.58
M6090 23 -120min 1.46 16.31 1.63 9 M6084 1.61 17.11 1.54
M6091 18 -120min 0.99 16.69 1.64 10 M6085 1.07 16.16 1.51
M6092 47 -120min 1.04 16.11 1.52 11 M6086 1.13 15.82 1.45
M6093 41 -120min 0.59 15.80 1.29 12 M6087 0.66 16.13 1.44 solutions
M6094 20 -120min 0.70 15.83 1.50 13 M6088 0.80 18.97 1.86
M6095 21 -300min 1.06 16.15 1.26 14 M6089 1.11 16.33 1.75
M6096 23 -300min 1.44 15.94 1.32 15 M6090 1.46 16.31 1.63
M6097 18 -300min 0.92 16.40 1.46 16 M6091 0.99 16.69 1.64
M6098 47 -300min 1.02 16.01 1.37 17 M6092 1.04 16.11 1.52
M6099 41 -300min 0.54 16.16 1.25 18 M6093 0.59 15.80 1.29
M6100 20 -300min 0.68 16.08 1.33 19 M6094 0.70 15.83 1.50
M6101 21 -loaded beads 43.72 2.00 3.65 20 M6095 1.06 16.15 1.26
M6102 23 -loaded beads 42.88 0.37 2.29 21 M6096 1.44 15.94 1.32
M6103 18 -loaded beads 45.87 1.32 4.57 22 M6097 0.92 16.40 1.46
M6104 47 -loaded beads 45.00 1.83 1.94 23 M6098 1.02 16.01 1.37
M6105 41 -loaded beads 44.63 0.69 4.28 24 M6099 0.54 16.16 1.25
M6106 20 -loaded beads 40.16 0.10 3.36 25 M6100 0.68 16.08 1.33
SAMPLE DATE:Apr 26/15 ASSAY DATE: Apr 27/15
NO. SAMPLE ID Au (g/t) Cu (ppm) Fe (%) Ni (ppm)
1 M6101 43.72 2.00 3.65
2 M6102 42.88 0.37 2.29 loaded beads
3 M6103 45.87 1.32 4.57
4 M6104 45.00 1.83 1.94
5 M6105 44.63 0.69 4.28
6 M6106 40.16 0.10 3.36
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Table H-7 
 
Table H-8 
 
pH 10.75
[CN] (ppm) 400
Initial Au (g/t) 4.664
Mass of Beads (g) 70 70 70 70 70 70
Vol. of Solution (L) 1 1 1 1 1 1
Time (Minutes)
0 4.664 4.664 4.664 4.664 4.664 4.664
30 0.878 0.656 0.771 1.014 0.958 1.341
60 0.716 0.544 0.618 0.935 0.781 1.196
120 0.675 0.532 0.573 0.899 0.733 1.104
300 0.630 0.511 0.550 0.902 0.714 1.078
Time (Minutes)
0 0.00 0.00 0.00 0.00 0.00 0.00
30 81.17 85.93 83.47 78.26 79.46 71.25
60 84.65 88.34 86.75 79.95 83.25 74.36
120 85.53 88.59 87.71 80.72 84.28 76.33
300 86.49 89.04 88.21 80.66 84.69 76.89
Gold balance
Mass of Beads (g) 70 70 70 70 70 70
Vol. of Solution (L) 1 1 1 1 1 1
Final Sol'n Assay (mg/L) 0.630 0.511 0.550 0.902 0.714 1.078
Final Sol'n Gold Content (mg) 0.630 0.511 0.550 0.902 0.714 1.078
Final Bead Assay (g/t) 41.958 39.452 40.031 39.764 35.758 33.459
Final Bead Gold Content (mg) 2.937 2.762 2.802 2.783 2.503 2.342
Initial Sol'n Assay (mg/L) 4.664 4.664 4.664 4.664 4.664 4.664
Initial Gold Content (mg) 4.664 4.664 4.664 4.664 4.664 4.664
Recovery (using beads) 62.97% 59.21% 60.08% 59.68% 53.67% 50.22%
Recovery (using Sol'n) 86.49% 89.04% 88.21% 80.66% 84.69% 76.89%
37 48
Test ID 39
Carbon Activity Test Data 
Leach Tails Solution
Au Recovery
Assay (Au g/t)
37 48 38
38
3 36
Test ID 3 36
Assay (Au g/t)
Au Recovery
39
Sample ID Description Au (ppm) Au (g/t) Cu (ppm) Cu (g/t) Ni (ppm) Ni (g/t)
M6107 head 4.66 19.98 1.79
M6108 39 -30min 0.88 19.82 1.35
M6109 37 -30min 0.66 19.82 1.33 SAMPLE DATE:Apr 27/15 ASSAY DATE: Apr 27/15
M6110 48 -30min 0.77 20.34 1.43
M6111 3 -30min 1.01 19.90 1.38 NO. SAMPLE ID Au (g/t) Cu (ppm) Fe (%) Ni (ppm)
M6112 36 -30min 0.96 19.89 1.56
M6113 38 -30min 1.34 19.89 1.44 1 M6107 4.66 19.98 1.79
M6114 39 -60min 0.72 20.71 1.42 2 M6108 0.88 19.82 1.35
M6115 37 -60min 0.54 20.24 1.25 3 M6109 0.66 19.82 1.33
M6116 48 -60min 0.62 19.43 1.31 4 M6110 0.77 20.34 1.43
M6117 3 -60min 0.94 19.42 1.38 5 M6111 1.01 19.90 1.38
M6118 36 -60min 0.78 19.61 1.50 6 M6112 0.96 19.89 1.56
M6119 38 -60min 1.20 19.66 1.51 7 M6113 1.34 19.89 1.44
M6120 39 -120min 0.68 19.63 1.39 8 M6114 0.72 20.71 1.42
M6121 37 -120min 0.53 19.67 1.22 9 M6115 0.54 20.24 1.25
M6122 48 -120min 0.57 19.81 1.29 10 M6116 0.62 19.43 1.31
M6123 3 -120min 0.90 19.84 1.49 11 M6117 0.94 19.42 1.38
M6124 36 -120min 0.73 20.12 1.37 12 M6118 0.78 19.61 1.50 solutions
M6125 38 -120min 1.10 19.72 1.45 13 M6119 1.20 19.66 1.51
M6126 39 -300min 0.63 19.87 1.27 14 M6120 0.68 19.63 1.39
M6127 37 -300min 0.51 20.09 1.19 15 M6121 0.53 19.67 1.22
M6128 48 -300min 0.55 19.77 1.24 16 M6122 0.57 19.81 1.29
M6129 3 -300min 0.90 19.92 1.34 17 M6123 0.90 19.84 1.49
M6130 36 -300min 0.71 19.23 1.32 18 M6124 0.73 20.12 1.37
M6131 38 -300min 1.08 19.64 1.49 19 M6125 1.10 19.72 1.45
M6132 39 -loaded beads 41.96 1.89 3.83 20 M6126 0.63 19.87 1.27
M6133 37 -loaded beads 39.45 2.15 3.74 21 M6127 0.51 20.09 1.19
M6134 48 -loaded beads 40.03 1.01 4.79 22 M6128 0.55 19.77 1.24
M6135 3 -loaded beads 39.76 1.07 3.82 23 M6129 0.90 19.92 1.34
M6136 36 -loaded beads 35.76 1.12 1.42 24 M6130 0.71 19.23 1.32
M6137 38 -loaded beads 33.46 0.97 2.85 25 M6131 1.08 19.64 1.49
SAMPLE DATE:Apr 27/15 ASSAY DATE: Apr 27/15
NO. SAMPLE ID Au (g/t) Cu (ppm) Fe (%) Ni (ppm)
1 M6132 41.96 1.89 3.83
2 M6133 39.45 2.15 3.74 loaded beads
3 M6134 40.03 1.01 4.79
4 M6135 39.76 1.07 3.82
5 M6136 35.76 1.12 1.42
6 M6137 33.46 0.97 2.85
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Figure H-4 
Table H-9 
 
 
 
Carbon Activity Test Data 
Leach Tails Solution
pH 10.62
[CN] (ppm) 220
Initial Au (g/t) 7.073
Mass of Beads (g) 61.2 61.2 61.2 61.2
Vol. of Solution (L) 1 1 1 1
Time (Minutes)
0 7.073 7.073 7.073 7.073
30 2.189 1.685 1.900 2.129
60 2.353 1.958 2.216 1.874
120 2.184 2.315 1.812 2.225
300 1.980 2.405 1.551 1.801
Time (Minutes)
0 0.00 0.00 0.00 0.00
30 69.05 76.18 73.14 69.90
60 66.73 72.32 68.67 73.50
120 69.12 67.27 74.38 68.54
300 72.01 66.00 78.07 74.54
Gold balance
Mass of Beads (g) 61.2 61.2 61.2 61.2
Vol. of Solution (L) 1 1 1 1
Final Sol'n Assay (mg/L) 1.980 2.405 1.551 1.801
Final Sol'n Gold Content (mg) 1.980 2.405 1.551 1.801
Final Bead Assay (g/t) 67.660 62.430 72.150 65.150
Final Bead Gold Content (mg) 4.141 3.821 4.416 3.987
Initial Sol'n Assay (mg/L) 7.073 7.073 7.073 7.073
Initial Gold Content (mg) 7.073 7.073 7.073 7.073
Recovery (using beads) 58.54% 54.02% 62.43% 56.37%
Recovery (using Sol'n) 72.01% 66.00% 78.07% 74.54%
34 40
Test ID 45 34 40
Test ID
Assay (Au g/t)
Au Recovery
46
4546
 118 
   
 
Table H-10 
 
Sample ID Description Au (ppm) Au (g/t) Cu (ppm) Cu (g/t) Ni (ppm) Ni (g/t)
5628 Sol'n Composite 7.07 12.78 1.77
SAMPLE DATE:16-Jan-15 ASSAY DATE: 17-Jan-15
5631 Test 46 - 30 min Sol'n 2.19 12.40 1.44
5632 Test 45 - 30 min Sol'n 1.69 11.66 1.28 NO. SAMPLE ID Au (g/t) Cu (ppm) Fe (%) Ni (ppm)
5633 Test 22 - 30 min Sol'n 1.90 11.93 1.28
5634 Test 24 - 30 min Sol'n 2.13 11.76 1.50 1 M 5628 7.07 12.78 1.77
2
3
5637 Test 46 - 60 min Sol'n 2.35 12.78 1.39 4 M 5631 2.19 12.40 1.44
5638 Test 45 - 60 min Sol'n 1.96 11.94 1.22 5 M 5632 1.69 11.66 1.28
5639 Test 22 - 60 min Sol'n 2.22 12.03 1.23 6 M 5633 1.90 11.93 1.28
5640 Test 24 - 60 min Sol'n 1.87 12.03 1.31 7 M 5634 2.13 11.76 1.50
8
9
5643 Test 46 - 120 min Sol'n 2.18 12.67 1.40 10 M 5637 2.35 12.78 1.39
5644 Test 45 - 120 min Sol'n 2.32 12.13 1.25 11 M 5638 1.96 11.94 1.22
5645 Test 22 - 120 min Sol'n 1.81 12.49 1.29 12 M 5639 2.22 12.03 1.23
5646 Test 24 - 120 min Sol'n 2.23 12.22 1.39 13 M 5640 1.87 12.03 1.31
14
15
5649 Test 46 - 300 min Sol'n 1.98 12.82 1.49 16 M 5643 2.18 12.67 1.40
5650 Test 45 - 300 min Sol'n 2.41 12.47 1.47 17 M 5644 2.32 12.13 1.25
5651 Test 22 - 300 min Sol'n 1.55 12.10 1.34 18 M 5645 1.81 12.49 1.29
5652 Test 24 - 300 min Sol'n 1.80 12.42 1.49 19 M 5646 2.23 12.22 1.39
20
21
5655 Test 46 - 300 min Beads 67.66 <0.01 2.16 22 M 5649 1.98 12.82 1.49
5656 Test 45 - 300 min Beads 62.43 2.34 3.99 23 M 5650 2.41 12.47 1.47
5657 Test 22 - 300 min Beads 72.15 3.53 2.85 24 M 5651 1.55 12.10 1.34
5658 Test 24 - 300 min Beads 65.15 0.11 1.76 25 M 5652 1.80 12.42 1.49
SAMPLE DATE:16-Jan-15 ASSAY DATE: 19-Jan-15
NO. SAMPLE ID Au (g/t) Cu (ppm) Fe (%) Ni (ppm)
1
2
3 M 5655 67.66 <0.01 2.16
4 M 5656 62.43 2.34 3.99
5 M 5657 72.15 3.53 2.85
6 M 5658 65.15 0.11 1.76
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Figure H-5  
 
Table H-11 
 
 
pH 10.66
[CN] (ppm) 220
Initial Au (g/t) 7.151
Mass of Beads (g) 60 60 60 60 60
Vol. of Solution (L) 1 1 1 1 1
Time (Minutes)
0 7.151 7.151 7.151 7.151 7.151
30 2.709 2.574 3.317 2.407 2.064
60 1.814 2.316 3.039 2.608 1.697
120 2.453 1.956 2.256 1.626 2.555
300 2.270 1.980 2.476 1.948 1.988
Time (Minutes)
0 0.00 0.00 0.00 0.00 0.00
30 62.12 64.01 53.61 66.34 71.14
60 74.63 67.61 57.50 63.53 76.27
120 65.70 72.65 68.45 77.26 64.27
300 68.26 72.31 65.38 72.76 72.20
Gold balance
Mass of Beads (g) 61.2 61.2 61.2 61.2 61.2
Vol. of Solution (L) 1 1 1 1 1
Final Sol'n Assay (mg/L) 2.270 1.980 2.476 1.948 1.988
Final Sol'n Gold Content (mg) 2.270 1.980 2.476 1.948 1.988
Final Bead Assay (g/t) 66.089 63.387 60.694 62.415 60.949
Final Bead Gold Content (mg) 4.045 3.879 3.714 3.820 3.730
Initial Sol'n Assay (mg/L) 7.151 7.151 7.151 7.151 7.151
Initial Gold Content (mg) 7.151 7.151 7.151 7.151 7.151
Recovery (using beads) 56.56% 54.25% 51.94% 53.42% 52.16%
Recovery (using Sol'n) 68.26% 72.31% 65.38% 72.76% 72.20%
30 43 1 11
Assay (Au g/t)
Au Recovery
Carbon Activity Test Data 
Leach Tails Solution
2
Test ID 11 230 43 1
Test ID
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Table H-12 
 
 
Figure H-6 
 
 
Sample ID Description Au (ppm) Au (g/t) Cu (ppm) Cu (g/t) Ni (ppm) Ni (g/t)
M 5659 Sol'n Composite 7.15 13.52 1.73
M 5660 Test 30 - 30 min Sol'n 2.71 13.05 1.59
M 5661 Test 43 - 30 min Sol'n 2.57 12.95 1.66 SAMPLE DATE:19-Jan-15 ASSAY DATE: 20-Jan-15
M 5662 Test 1 - 30 min Sol'n 3.32 13.16 1.69
NO. SAMPLE ID Au (g/t) Cu (ppm) Fe (%) Ni (ppm)
M 5664 Test 11 - 30 min Sol'n 2.41 13.09 1.63
M 5665 Test 2 - 30 min Sol'n 2.06 12.45 1.50 1 M 5659 7.15 13.52 1.73
M 5666 Test 30 - 60 min Sol'n 1.81 13.36 1.75 2 M 5660 2.71 13.05 1.59
M 5667 Test 43 - 60 min Sol'n 2.32 12.70 1.40 3 M 5661 2.57 12.95 1.66
M 5668 Test 1 - 60 min Sol'n 3.04 12.22 1.39 4 M 5662 3.32 13.16 1.69
5
M 5670 Test 11 - 60 min Sol'n 2.61 12.89 1.36 6 M 5664 2.41 13.09 1.63
M 5671 Test 2 - 60 min Sol'n 1.70 11.96 1.26 7 M 5665 2.06 12.45 1.50
M 5672 Test 30 - 120 min Sol'n 2.45 13.03 1.42 8 M 5666 1.81 13.36 1.75
M 5673 Test 43 - 120 min Sol'n 1.96 12.63 1.32 9 M 5667 2.32 12.70 1.40
M 5674 Test 1 - 120 min Sol'n 2.26 12.37 1.35 10 M 5668 3.04 12.22 1.39
11
M 5676 Test 11 - 120 min Sol'n 1.63 12.16 1.25 12 M 5670 2.61 12.89 1.36
M 5677 Test 2 - 120 min Sol'n 2.56 12.62 1.40 13 M 5671 1.70 11.96 1.26
M 5678 Test 30 - 300 min Sol'n 2.27 12.63 1.63 14 M 5672 2.45 13.03 1.42
M 5679 Test 43 - 300 min Sol'n 1.98 12.65 1.49 15 M 5673 1.96 12.63 1.32
M 5680 Test 1 - 300 min Sol'n 2.48 12.43 1.50 16 M 5674 2.26 12.37 1.35
17
M 5682 Test 11 - 300 min Sol'n 1.95 12.75 1.37 18 M 5676 1.63 12.16 1.25
M 5683 Test 2 - 300 min Sol'n 1.99 12.16 1.45 19 M 5677 2.56 12.62 1.40
M 5684 Test 30 - 300 min Beads 66.09 1.46 1.45 20 M 5678 2.27 12.63 1.63
M 5685 Test 43 - 300 min Beads 63.39 0.91 1.66 21 M 5679 1.98 12.65 1.49
M 5686 Test 1 - 300 min Beads 60.69 2.44 1.43 22 M 5680 2.48 12.43 1.50
23
M 5688 Test 11 - 300 min Beads 62.42 1.92 <0.01 24 M 5682 1.95 12.75 1.37
M 5689 Test 2 - 300 min Beads 60.95 2.61 0.98 25 M 5683 1.99 12.16 1.45
SAMPLE DATE:19-Jan-15 ASSAY DATE: 21-Jan-15
NO. SAMPLE ID Au (g/t) Cu (ppm) Fe (%) Ni (ppm)
1 M 5684 66.09 1.46 1.45
2 M 5685 63.39 0.91 1.66
3 M 5686 60.69 2.44 1.43
4
5 M 5688 62.42 1.92 <0.01
6 M 5689 60.95 2.61 0.98
METALLURGICAL SAMPLE REPORT
METALLURGICAL SAMPLE REPORT
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Table H-13 
 
 
 
 
 
 
 
 
 
 
 
 
pH 10.78
[CN] (ppm) 360
Initial Au (g/t) 5.598
Mass of Beads (g) 70 70 70 70 70
Vol. of Solution (L) 1 1 1 1 1
Time (Minutes)
0 5.598 5.598 5.598 5.598 5.598
30 0.846 0.974 0.953 0.918 0.855
60 0.798 0.946 0.887 0.832 0.780
120 0.732 0.860 0.841 0.806 0.730
300 0.709 0.871 0.819 0.783 0.715
Time (Minutes)
0 0.00 0.00 0.00 0.00 0.00
30 84.89 82.60 82.98 83.60 84.73
60 85.74 83.10 84.16 85.14 86.07
120 86.92 84.64 84.98 85.60 86.96
300 87.33 84.44 85.37 86.01 87.23
Gold balance
Mass of Beads (g) 70 70 70 70 70
Vol. of Solution (L) 1 1 1 1 1
Final Sol'n Assay (mg/L) 0.709 0.871 0.819 0.783 0.715
Final Sol'n Gold Content (mg) 0.709 0.871 0.819 0.783 0.715
Final Bead Assay (g/t) 43.010 51.590 54.650 49.840 44.530
Final Bead Gold Content (mg) 3.011 3.611 3.826 3.489 3.117
Initial Sol'n Assay (mg/L) 5.598 5.598 5.598 5.598 5.598
Initial Gold Content (mg) 5.598 5.598 5.598 5.598 5.598
Recovery (using beads) 53.78% 64.51% 68.34% 62.32% 55.68%
Recovery (using Sol'n) 87.33% 84.44% 85.37% 86.01% 87.23%
5
5
32 29
Test ID 32 29
Assay (Au g/t)
Au Recovery
10 15
Test ID
Carbon Activity Test Data 
Leach Tails Solution
Au Recovery
Assay (Au g/t)
10 15
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Table H-14 
 
 
Sample ID Description Au (ppm) Au (g/t) Cu (ppm) Cu (g/t) Ni (ppm) Ni (g/t)
M5729 head 5.60 10.58 1.53
M5730 22 -30min 1.16 10.64 1.26
M5731 10 -30min 0.85 10.78 1.10 SAMPLE DATE:Jan 23/15 ASSAY DATE: Jan 24/15
M5732 15 -30min 0.97 10.68 1.15
M5733 32 -30min 0.95 11.18 1.21 NO. SAMPLE ID Au (g/t) Cu (ppm) Fe (%) Ni (ppm)
M5734 29 -30min 0.92 10.67 1.12
M5735 5 -30min 0.86 10.80 1.18 1 M5729 5.60 10.58 1.53
M5736 22 -60min 1.03 10.93 1.27 2 M5730 1.16 10.64 1.26
M5737 10 -60min 0.80 10.95 1.11 3 M5731 0.85 10.78 1.10
M5738 15 -60min 0.95 10.54 1.15 4 M5732 0.97 10.68 1.15
M5739 32 -60min 0.89 10.60 1.17 5 M5733 0.95 11.18 1.21
M5740 29 -60min 0.83 10.97 1.17 6 M5734 0.92 10.67 1.12
M5741 5 -60min 0.78 10.73 1.10 7 M5735 0.86 10.80 1.18
M5742 22 -120min 0.96 11.21 1.28 8 M5736 1.03 10.93 1.27
M5743 10 -120min 0.73 10.59 1.09 9 M5737 0.80 10.95 1.11
M5744 15 -120min 0.86 10.77 1.11 10 M5738 0.95 10.54 1.15
M5745 32 -120min 0.84 10.76 1.15 11 M5739 0.89 10.60 1.17
M5746 29 -120min 0.81 10.83 1.12 12 M5740 0.83 10.97 1.17
M5747 5 -120min 0.73 10.57 1.19 13 M5741 0.78 10.73 1.10
M5748 22 -300min 0.95 10.31 1.22 14 M5742 0.96 11.21 1.28
M5749 10 -300min 0.71 10.37 1.13 15 M5743 0.73 10.59 1.09
M5750 15 -300min 0.87 10.30 1.23 16 M5744 0.86 10.77 1.11
M5751 32 -300min 0.82 10.31 1.21 17 M5745 0.84 10.76 1.15
M5752 29 -300min 0.78 10.27 1.13 18 M5746 0.81 10.83 1.12
M5753 5 -300min 0.72 10.33 1.15 19 M5747 0.73 10.57 1.19
M5754 22 -loaded beads 69.05 0.98 0.43 20 M5748 0.95 10.31 1.22
M5755 10 -loaded beads 43.01 0.73 0.08 21 M5749 0.71 10.37 1.13
M5756 15 -loaded beads 51.59 0.87 1.44 22 M5750 0.87 10.30 1.23
M5757 32 -loaded beads 54.65 0.42 1.17 23 M5751 0.82 10.31 1.21
M5758 29 -loaded beads 49.84 0.69 2.20 24 M5752 0.78 10.27 1.13
M5759 5 -loaded beads 44.53 0.66 3.00 25 M5753 0.72 10.33 1.15
SAMPLE DATE:Jan 23/15 ASSAY DATE:
NO. SAMPLE ID Au (g/t) Cu (ppm) Fe (%) Ni (ppm)
1 M5754 69.05 0.98 0.43
2 M5755 43.01 0.73 0.08
3 M5756 51.59 0.87 1.44
4 M5757 54.65 0.42 1.17
5 M5758 49.84 0.69 2.20
6 M5759 44.53 0.66 3.00
METALLURGICAL SAMPLE REPORT
METALLURGICAL SAMPLE REPORT
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Figure H-7 
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Table H-15 
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Table H-16 
 
Sample ID Description Au (ppm) Au (g/t) Cu (ppm) Cu (g/t) Ni (ppm) Ni (g/t)
M5857 head 5.04 11.74 1.79
M5858 33 -30min 0.73 11.76 1.28
SAMPLE DATE:Jan 28/15 ASSAY DATE: Jan 29/15
NO. SAMPLE ID Au (g/t) Cu (ppm) Fe (%) Ni (ppm)
1 M5857 5.04 11.74 1.79
M5859 33 -60min 0.63 11.88 1.27 2 M5858 0.73 11.76 1.28
3
4
5
6
7
M5860 33 -120min 0.57 11.64 1.28 8 M5859 0.63 11.88 1.27
9
10
11
12
13
M5861 33 -300min 0.57 11.82 1.29 14 M5860 0.57 11.64 1.28
15
16
17
18
19
M5862 33 -loaded beads 56.68 0.60 4.37 20 M5861 0.57 11.82 1.29
21
22
23
24
25
SAMPLE DATE:Jan 28/15 ASSAY DATE: Jan 29/15
NO. SAMPLE ID Au (g/t) Cu (ppm) Fe (%) Ni (ppm)
1 M5862 56.68 0.60 4.37
2
3
4
5
6
METALLURGICAL SAMPLE REPORT
METALLURGICAL SAMPLE REPORT
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Figure H-8 
Table H-17 
 
pH 10.94
[CN] (ppm) 330
Initial Au (g/t) 4.655
Mass of Beads (g) 70 70 70
Vol. of Solution (L) 1 1 1
Time (Minutes)
0 4.655 4.655 4.655
30 1.035 1.115 1.214
60 0.848 0.804 0.950
120 0.715 0.748 0.861
300 0.719 0.722 0.853
Time (Minutes)
0 0.00 0.00 0.00
30 77.77 76.05 73.92
60 81.78 82.73 79.59
120 84.64 83.93 81.50
300 84.55 84.49 81.68
Gold balance
Mass of Beads (g) 70 70 70
Vol. of Solution (L) 1 1 1
Final Sol'n Assay (mg/L) 0.719 0.722 0.853
Final Sol'n Gold Content (mg) 0.719 0.722 0.853
Final Bead Assay (g/t) 38.543 33.152 34.323
Final Bead Gold Content (mg) 2.698 2.321 2.403
Initial Sol'n Assay (mg/L) 4.655 4.655 4.655
Initial Gold Content (mg) 4.655 4.655 4.655
Recovery (using beads) 57.96% 49.85% 51.61%
Recovery (using Sol'n) 84.55% 84.49% 81.68%
Test ID 22
Carbon Activity Test Data 
Leach Tails Solution
7 13
Test ID
Au Recovery
22 7 13
Assay (Au g/t)
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Table H-18 
 
 
Sample ID Description Au (ppm) Au (g/t) Cu (ppm) Cu (g/t) Ni (ppm) Ni (g/t)
M 6169 head sample 4.66 21.82 2.29
M 6170 22 -30min 1.04 21.89 1.87
M 6171 22 -60 0.85 21.95 1.87 SAMPLE DATE:12-May-15 ASSAY DATE: 13-May-15
M 6172 22 -120min 0.72 22.13 1.81 solutions
M 6173 22 -300min 0.72 21.77 1.84 SAMPLE ID Au (g/t) Cu (ppm) Fe (%) Ni (ppm)
M 6174 7 -30min 1.12 21.58 1.98
M 6175 7 -60min 0.80 22.06 1.89 1 M 6169 4.66 21.82 2.29
M 6176 7 -120min 0.75 21.86 1.83 2 M 6170 1.04 21.89 1.87
M 6177 7 -300min 0.72 21.62 1.80 4 M 6171 0.85 21.95 1.87
M 6178 13 -30min 1.21 21.28 2.00 5 M 6172 0.72 22.13 1.81
M 6179 13 -60min 0.95 21.86 2.00 7 M 6173 0.72 21.77 1.84
M 6180 13 -120min 0.86 22.07 1.94 8 M 6174 1.12 21.58 1.98
M 6181 13 -300min 0.85 21.85 1.88 9 M 6175 0.80 22.06 1.89
10 M 6176 0.75 21.86 1.83
11 M 6177 0.72 21.62 1.80
12 M 6178 1.21 21.28 2.00 sol.
13 M 6179 0.95 21.86 2.00
14 M 6180 0.86 22.07 1.94
15 M 6181 0.85 21.85 1.88
16 M 6182 0.79 22.16 1.81
17 M 6183 0.59 22.34 1.86
18 M 6184 0.58 22.44 1.79
19 M 6185 0.54 22.47 1.80
M 6186 loaded beads sample 22 38.54 1.12 5.40
M 6187 loaded beads sample 7 33.15 0.89 5.70
M 6188 loaded beads sample 13 34.32 0.75 4.54
SAMPLE DATE:12-May-15 ASSAY DATE: 13-May-15
Loaded Beads
NO. SAMPLE ID Au (g/t) Cu (ppm) Fe (%) Ni (ppm)
M 6186 38.54 1.12 5.40 loaded beads
M 6187 33.15 0.89 5.70
M 6188 34.32 0.75 4.54
METALLURGICAL SAMPLE REPORT
METALLURGICAL SAMPLE REPORT
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Figure H-9 
 
 Appendix I- SEM-EDS, and optical microscopy images of activated 7.9
carbon and PSAC beads  
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Figure I-1: Fresh Carbon SEM image and spectra 
 
Figure I-2: Fresh Carbon SEM image and full image spectra 
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Figure I-3: SE images of beads made at 120
o
 C, 1000 RPM and 30 minutes 
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Figure I-4: EDS image analysis for 960 RPM beads 
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Figure I-5: EDS point analysis for 120 C
o
, 960 RPM and 30 minutes beads 
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Figure I-6: EDS segment analysis for beads 120Co, 960 RPM and 30 minutes beads 
 Appendix J-1, Complete statistical analysis 7.10
 
Table J-1: Estimated effects and coefficients for R% sol. 
Term                                          Effect    Coef  SE Coef  T-Value     P-Value    
Constant                                    82.487    0.804   102.62    0.000 
Temperature (oC)                     -0.909    -0.455    0.804    -0.57          0.596   
Ratio                                         -0.129    -0.065    0.804    -0.08          0.939  
RPM                                         -6.280    -3.140    0.804    -3.91          0.011   
Time (min)                               -0.032     -0.016    0.804    -0.02         0.985   
Temperature (oC)*Ratio          -0.603     -0.302    0.804    -0.38         0.723   
Temperature (oC)*RPM           -3.116     -1.558    0.804    -1.94        0.110   
Temperature (oC)*Time (min) -1.719     -0.860    0.804    -1.07        0.334  
 134 
   
Ratio*RPM                               -1.019     -0.510    0.804    -0.63        0.554  
Ratio*Time (min)                     -0.329     -0.165    0.804    -0.20        0.846   
RPM*Time (min)                      -1.253    -0.627    0.804    -0.78        0.471   
 
Table J-2: Analysis of variance of R% sol. 
 
Source                                            DF    Adj SS     Adj MS    F-Value      P-Value 
Model                                              10     224.108    22.411      2.17              0.203 
  Linear                                             4      161.125    40.281      3.90              0.084 
    Temperature (oC)                         1      3.306        3.306        0.32              0.596 
    Ratio                                             1      0.067        0.067        0.01              0.939 
    RPM                                             1      157.749    157.749    15.26             0.011 
    Time (min)                                   1      0.004        0.004        0.00               0.985 
  2-Way Interactions                         6      62.983      10.497      1.02              0.504 
    Temperature (oC)*Ratio              1      1.456        1.456        0.14               0.723 
    Temperature (oC)*RPM              1      38.836      38.836       3.76              0.110 
    Temperature (oC)*Time (min)    1      11.821      11.821       1.14              0.334 
    Ratio*RPM                                  1      4.154        4.154         0.40              0.554 
    Ratio*Time (min)                        1      0.434        0.434          0.04              0.846 
    RPM*Time (min)                        1      6.282        6.282          0.61              0.471 
Error                                                5      51.691      10.338 
Total                                                15    275.798 
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Figure J-1: Pareto chart for standardized effects for R% solids 
 
 
Figure J-2: Pareto chart for standardized effects for R% solution 
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Figure J-3: Normal plot of the standardized effect on R% solids 
 
 
Figure J-4: Normal plot of the standardized effect on AC retention 
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Figure J-5: Interaction plot for recovery (solids) 
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Figure J-6: Cube plot for recovery (solids) -optimized option  
 
 
Temp: 140 C (-1) 
Ratio: 35.5    (-1) 
RPM: 1400    (1) 
Time:      70    (1) 
Optimized Recovery Parameters 
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Figure J-7: Response optimizer for AC on beads, AC retention and gold adsorption on beads 
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Figure J-8: Residual plots for carbon retention 
 
 
 
Figure J-9: Residual plots for recovery (solids) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure J-10: Residual plot for recovery (sol) 
 
 
 Appendix K-1, Results of other activity tests 7.11
 
The adsorptive capacity of activated carbon can be determined by two isotherm methods such as 
direct carbon dosage method and Freundlich adsorption equation method. The carbon dosage 
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method involves plotting the amount of gold remaining vs the carbon dosage. Figure K-1 and 
Figure K-2 are shown direct carbon dosage method for the fresh carbon and optimum coated 
beads adsorptive capacity. The equilibrium link between fresh carbon and AC coated beads and 
gold in cyanide solution can be described by the adsorption isotherm. The adsorption method 
isotherm used for fresh carbon was also used in this study for the AC coated polystyrene beads. 
This linear isotherm trend was used to determine amount of AC coated polystyrene beads dosage 
directly from the graph.  
 
Figure K-1:  Adsorption Isotherm of fresh carbon used at Musselwhite 
 
 
Figure K-2:  Adsorption Isotherm of optimum AC polystyrene bead  
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The Freundlich adsorption equation method is also used when the direct isotherm data method 
does not provide a plot that is easy to explain and understand. The Freundlich adsorption 
equation is expressed as 
𝑥/𝑚 = 𝐾𝐶1/𝑛 
log(
𝑥
𝑚
) = 𝐿𝑜𝑔 𝐾 +
1
𝑛
log 𝐶 
X amount of adsorbed impurity at equilibrium 
M =weight of adsorbent used 
C =concentration of impurity remaining in solution 
K and n are constant for test condition and adsorbent used. The plots of x/m vs C in logarithm 
scale results on a straight line. Then the carbon or beads loading (x/m) can be directly 
determined from the isotherm graphs at the selected gold concentration. 
 The adsorption isotherms were fitted with the Langmuir model: 
qe = abCe/(1 + bCe)                                                                                 
 
where a is the saturated/maximum adsorbed capacity (mg g
-1
) and b is the Langmuir constant 
that directly relates to the adsorption affinity (L mg
-1
). 
The plots of x/m vs c in logarithm scale results on a straight line. Then the carbon or beads 
loading (x/m) can be directly determined from the isotherm graphs at the selected gold 
concentration. 
The total adsorbed adsorptive capacity for fresh carbon and AC optimum coated bead was 
obtained using the 420 minutes contact time. Table K-1 is shown the Isotherm conditions for 
optimum coated beads using Musselwhite Mill solutions using Freundlich adsorption equation 
method. Figure K3 is shown Freundlich isotherm of optimum AC coated bead using 
Musselwhite solution. 
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Table K-1: Isotherm conditions using Musselwhite Mill solutions 
Coated Beads 
Dosages 
g/L (M) 
Concentration 
of Gold 
Remaining 
(g/L) 
( C ) 
Concentration 
of Gold 
Remaining 
(mg/L) 
( C ) 
Gold 
Removed 
(mg/L) 
(X) 
Gold 
removed/unit of 
weight of coated 
beads 
(mg/g) ( X/M) 
0 5.207 5207 0 0 
56 1.268 1268 3939 70.3 
116 0.475 475 4732 40.8 
168 0.394 394 4813 28.6 
228 0.209 209 4998 21.9 
 
 
Figure K-3:  Freundlich isotherm of optimum AC coated bead using Musselwhite solutions 
 
Coated beads were also exposed to Red Lake gold cyanide solution for different time periods 
using plant conditions that is duplicated and included, pH, concentration, gold cyanide solution, 
and temperature. Predetermined weight of coated beads were added to labelled bottles with each 
bottle containing 200 ml of plant CIP feed gold cyanide solution. The contact time was 
established at 30, 60, 120, and 300 minutes while bottle were agitated at the process plan 
conditions and temperature. At the end of each experiments samples were filtered and sent to 
laboratory for analyses. Then a graph was prepared with gold remaining or adsorbed on the Y-
axis vs. the coated beads contact time on X-axis. The results produced a graph as shown in 
y = 0.0451x + 13.981 
R² = 0.9698 
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Figure K-3.  A sharp steady level on the curve indicated the optimum time. The results indicated 
that a 5 hours contact time was ideal for AC coated bead to measure its total adsorbed adsorptive 
capacity. Figure K-4 is shown direct carbon dosage method for optimum coated beads adsorptive 
capacity 
 
Figure K-4: Contact time results for optimum Ac coated bead 
 
 Table K-2 is shown the isotherm conditions using Red Lake Campbell Mill solutions. Figure K-
5 is shown Freundlich isotherm of optimum AC coated bead using Red lake Solutions. 
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Figure K-5: Adsorption Isotherm of optimum bead 
 
Table K-2: Isotherm conditions using Red Lake Campbell Mill solutions 
Coated 
Beads 
Dosage 
g/200ml 
Coated 
Beads 
Dosage 
g/L (M) 
Concentration 
of Gold 
Remaining 
(g/L) ( C ) 
Concentration 
of Gold 
Remaining 
(mg/L) ( C ) 
Gold 
Removed 
(mg/L) (X) 
Gold 
removed/unit of 
weight of coated 
beads 
(mg/g) ( X/M) 
0 0 9.8 9800 0 0 
9 45 5.2 5200 4600 102.2 
18 90 2.51 2510 7290 81.0 
36 180 0.938 938 8862 49.2 
72 360 0.631 631 9169 25.5 
219 1095 0.119 119 9681 8.8 
225 1125 0.076 76 9724 8.6 
 
 
Figure K-6:  Freundlich isotherm of optimum AC coated bead using Red lake Solutions 
Laboratory experiments were conducted on the optimum bead.  Adsorption tests were carried on 
cyanide gold solution to see if gold can be adsorbed by coated AC beads. Setting the adsorption 
rate at 99% or higher, then the goal was to have gold remaining at 80 mg/L after the AC beads 
treatment. The beads achieved a high level of adsorption of gold. In determining beads loading 
(X/M) from the isotherm graph at a determined final adsorption level of 80 g/l which based on 
carbon set point at Red lake and Musselwhite Mills, then X/M was determined to be 8.7 mg/g.  
y = 0.0185x + 16.698 
R² = 0.8864 
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Another set of data with the adsorption isotherms were fitted with the Langmuir model. Good 
fitting of the experimental data is achieved with the model. Equilibrium concentration and 
equilibrium loading capacity of carbon is shown in the following figure and in Tables K-3 and 
K-4. 
 
Figure K-7: Equilibrium concentration and equilibrium loading capacity of carbon 
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Table K-3 : Data used for Equilibrium Concentration vs. Equilibrium Loading Capacity for 
Carbon 
 
 
 
 
 
 
 
 
pH 10.6
[CN] (ppm) 340
Initial Au (g/t) 5.207
Mass of Matrix (g) 0.5 1 1.5 2 56 116 168 228
Vol. of Solution (L) 1 1 1 1 1 1 1 1
Time (Minutes)
0 5.207 5.207 5.207 5.207 5.207 5.207 5.207 5.207
30 4.535 4.104 2.984 2.755 1.215 0.444 0.394 0.226
60 3.723 3.069 2.126 1.553 1.043 0.390 0.257 0.203
170 3.281 1.932 0.915 0.273
420 1.195 0.459 0.377 0.000 1.268 0.475 0.394 0.209
Time (Minutes)
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30 12.91 21.18 42.69 47.09 76.67 91.47 92.43 95.66
60 28.50 41.06 59.17 70.17 79.97 92.51 95.06 96.10
170 36.99 62.90 82.43 94.76 100.00 100.00 100.00 100.00
420 77.05 91.18 92.76 100.00 75.65 90.88 92.43 95.99
Gold balance
Mass of Beads (g) 0.5 1 1.5 2 56 116 168 228
Vol. of Solution (L) 1 1 1 1 1 1 1 1
Final Sol'n Assay (mg/L) 1.195 0.459 0.377 0.000 1.268 0.475 0.394 0.209
Final Sol'n Gold Content (mg) 1.195 0.459 0.377 0.000 1.268 0.475 0.394 0.209
Final Bead Assay (g/t) 50.100 30.040 21.320 16.840
Final Bead Gold Content (mg) 0.000 0.000 0.000 0.000 2.806 3.485 3.582 3.840
Initial Sol'n Assay (mg/L) 5.207 5.207 5.207 5.207 5.207 5.207 5.207 5.207
Initial Gold Content (mg) 5.207 5.207 5.207 5.207 5.207 5.207 5.207 5.207
Recovery (using beads) 0.00% 0.00% 0.00% 0.00% 53.88% 66.92% 68.79% 73.74%
Recovery (using Sol'n) 77.05% 91.18% 92.76% 100.00% 75.65% 90.88% 92.43% 95.99%
Au Recovery
3 - Fresh 
Carbon ( 
6 - Beads (116.0g)
Carbon Activity Test Data 
Leach Tails Solution
Test ID
1 - Fresh 
Carbon ( 
2 - Fresh 
Carbon ( 1.0g 
7 - Beads (168.0g)
7 - Beads (168.0g)
8 - Beads (228.0g)
8 - Beads (228.0g)Test ID
1 - Fresh 
Carbon ( 
2 - Fresh 
Carbon ( 1.0g 
3 - Fresh 
Carbon ( 
4 - Fresh 
Carbon ( 
5 - Beads 
(56.0g)
4 - Fresh 
Carbon ( 
5 - Beads 
(56.0g)
6 - Beads (116.0g)
Assay (Au g/t) Assay (Au g/t)
Au Recovery
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Table K-4: Data used for Equilibrium Concentration 
 
Test ID 1 - Fresh Carbon ( 0.5g )2 - Fresh Carbon ( 1.0g )3 - Fresh Carbon ( 1.5g )4 - Fresh Carbon ( 2.0g )
Mass of Matrix (g) 0.5 1 1.5 2
Vol. of Solution (L) 1 1 1 1
Time (Minutes)
0 5.207 5.207 5.207 5.207
30 4.535 4.104 2.984 2.755
60 3.723 3.069 2.126 1.553
170 3.281 1.932 0.915 0.273
Equilibrium Loading (mg/g) 3.852 3.275 2.861333 2.467
Equilibrium Concentration / Equilibrium Loading0.851765 0.589924 0.319781 0.110661
Slope (m) 0.244149
y-Intercept (b) 0.077333
R-squared 0.987638
Qmax 4.09586
Equilibrium Constant (Ka) 3.157099
Loading Capacity for Each Time Interval 1 - Fresh Carbon ( 0.5g )2 - Fresh Carbon ( 1.0g )3 - Fresh Carbon ( 1.5g )4 - Fresh Carbon ( 2.0g )
30 3.828462 3.802392 3.702813 3.673511
60 3.774714 3.712681 3.564758 3.401997
170 3.73526 3.518939 3.0426 1.896018
Calculated Equilibrium Loading Capacity Ce Qe
0.25 1.806743
0.5 2.507425
0.75 2.879686
1 3.110592
1.25 3.267807
1.5 3.381754
1.75 3.468135
2 3.535873
2.25 3.590415
2.5 3.635276
2.75 3.672823
3 3.704709
3.25 3.732126
3.5 3.755951
3.75 3.776846
Assay (Au g/t)
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 Appendix L-1, SEM-EDS and XRD analyses of PSAC beads, before and 7.12
after gold loading tests 
 
 
   
a) Before Au adsorption                                      b) Before Au adsorption 
 
 
   
c)  EDAX analysis before Au adsorption            d) EDAX analysis before Au adsorption 
Figure L-1: SEM and EDAX analysis of gold unloading on polystyrene coated beads: (a) SEM 
image of surface of unloaded carbon coated bead (b) SEM image of gold unloaded polystyrene 
carbon coated bead (c) EDAX analysis of unloaded bead (d) EDAX analysis of unloaded bead 
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a) After Au adsorption                                          b) After Au adsorption 
 
    
c) EDAX analysis after Au adsorption            d) EDAX analysis after Au adsorption                        
Figure L-2: SEM and EDAX analysis of gold loading on polystyrene coated beads: (a) SEM image 
of surface of loaded carbon coated bead (b) SEM image of gold loaded polystyrene carbon 
coated bead (c) EDAX analysis of loaded bead (d) EDAX analysis of loaded bead 
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a)  After adsorption                                         b) After adsorption 
     
c) EDAX analysis after Au adsorption           d) EDAX analysis after Au adsorption 
Figure L-3: SEM and EDAX analysis of gold loading on polystyrene coated beads: (a) SEM image 
of surface of loaded carbon coated bead (b) SEM image of gold loaded polystyrene carbon 
coated bead (c) EDAX analysis of loaded bead (d) EDAX analysis of loaded bead 
 
XRD used to study the crystalline structure of activated carbon and polystyrene carbon coated 
beads and loaded polystyrene carbon coated beads. X-ray diffraction of fresh carbon, fresh 
polystyrene bead, and polystyrene carbon coated bead and Au loaded polystyrene coated bead 
are shown in Figure L-4. XRD analysis is illustrated activated carbon pattern where it 
demonstrated two main peaks one at 2ϴ =24 and 2ϴ = 43, another low reflection at 2ϴ = 80, this 
similar to what is reported by others [62], and [63]. XRD analysis did not illustrate sharp peaks 
for fresh activated carbon. The lack of high peaks indicated mostly amorphous structure [64], 
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[65], [66]. Other researchers indicated that activate carbon with peaks at 2ϴ = 26 and 2ϴ = 42 
signify that the sample is composed of carbonaceous material [67]. 
  
   
a) Fresh carbon                                                b) Fresh polystyrene bead  
 
 
         
c) Au loaded polystyrene coated                     d) Polystyrene carbon coated bead  
 
Figure L-4: X-ray diffraction of a) fresh carbon, b) Fresh polystyrene bead c) Polystyrene carbon 
coated bead d) Au loaded polystyrene coated bead 
 
The main characteristic peaks showed presence of Au. The X-ray diffraction pattern of Au-
loaded polystyrene carbon coated beads contained of noticeably detectible characteristic peaks as 
seen in Figure L-4. XRD peaks at 25.9
o
 and are also observed.  
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 Appendix M-1, Full set of the Ball-Pan Hardness test results and 7.13
measurements of density of fresh polystyrene beads, and PSAC beads. 
 
Test 
No. 
wt of 
flask 
empty 
(w1) 
Flask 
with 
beads 
(w2) 
Flask 
with 
beads & 
water 
(w3) 
w4= 
w3-w2 
mass of 
beads 
(m1) 
volume 
of beads 
(Volume 
of flask -
w4) 
Density Bead 
type 
1 67.08 129.08 168.15 39.07 62 60.93 1.018 Fresh  
2 62.68 125.13 163.68 38.55 62.45 61.45 1.016 Fresh  
3 63.04 124.56 163.48 38.92 61.52 61.08 1.007 Fresh  
Average             1.014   
4 114.32 263.03 359.44 96.41 148.71 153.59 0.968 Coated 
5 63 116.43 160.74 44.31 53.43 55.69 0.959 Coated 
6 67.4 122.68 165.27 42.59 55.28 57.41 0.963 Coated 
7 67.26 122.85 165.43 42.58 55.59 57.42 0.968 Coated 
8 67.73 124.85 166.39 41.54 57.12 58.46 0.977 Coated 
9 62.9 118.26 161.82 43.56 55.36 56.44 0.981 Coated 
10 38.71 67.97 88.79 20.82 29.26 29.18 1.003 Coated 
Average             0.974   
11 39.25 71.58 92.09 20.51 32.33 29.49 1.096 Loaded 
12 40.48 72.19 90.96 18.77 31.71 31.23 1.015 Loaded 
13 39.01 69.64 89.28 19.64 30.63 30.36 1.009 Loaded 
Average             1.040   
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Table M-2: Ball-pan hardness for beads 
 
Table M-3: Ball-pan hardness for coarse carbon 
 
 
 
 
 
Weight    = 60.66 grams
SIZE MASS
Tyler Tyler mm Mass Mass Cumulative Cumulative 
Mass % % finer
4 3.35 1.05 1.731 1.730959 98.269041
6 2.36 44.13 72.75 72.7498 27.2502
12 1.7 14.71 24.25 25.9809 74.0191
16 1.18 0.49 0.8078 26.7887 73.2113
20 0.85 0.11 0.1813 26.9700 73.0300
40 0.425 0.09 0.1484 27.1184 72.8816
140+ Pan 0.08 0.1319 27.2502 72.7498
TOTAL 60.66 100.00
After the addition of steel balls After the addition of steel balls After the addition of steel balls After the addition of steel balls 
Trial #1 Trial #2 Trial #3 Trial #4
Secondary weight: 46.28 g Secondary weight: 46.43 g Secondary weight: 46.3631 g Secondary weight: 43.5113 g
Size Weight Size Weight Size Weight Size Weight
1.18 45.8496 1.18 46.0831 1.18 46.191 1.18 43.2274
Pan 0.0442 Pan 0.0485 Pan 0.0405 Pan 0.1044
Hardness 99.07 Hardness 99.25 Hardness 99.63 Hardness 99.35
Hardness Check 99.90 Hardness Check 99.90 Hardness Check99.91 Hardness Check99.76
 155 
   
 Appendix N, Operational data for temperature in/out, pressure in/out 7.14
and flow rate were recorded as a function of time for each test 
Table N-1 
 
 
 
 
 
 
CAMUSSQL02
Sample Matrix: Beads
Mass Used 50.00g
Head Assay (g/t Au): 37.08
Tails Assay (g/t Au): 24.34
Flow (L/min) Temperature Out Temperature In Pressure In (PSI) Pressure Out (PSI) Flow Totalizer Flow 
Start Time 16FIT3399 16TIT3398 16TIT3397 16PIT3396 16PIT3395 16FQIT3399 Rate (l/hr)
7/31/2016 6:30 0 17.15087891 23.37646484 0 0.183105469 907.6196289 0
7/31/2016 6:45 0.133300781 17.02880859 24.59716797 0.549316406 2.380371094 909.8039551 7.998047
7/31/2016 7:00 0.457763672 16.90673828 28.44238281 8.7890625 10.80322266 913.3887939 27.46582
7/31/2016 7:15 0.446044922 16.78466797 70.12939453 29.66308594 27.83203125 919.8416748 26.7627
7/31/2016 7:30 0.059326172 16.84570313 73.42529297 28.56445313 26.73339844 921.536377 3.55957
7/31/2016 7:45 0.062988281 17.08984375 82.09228516 29.11376953 26.73339844 922.4398804 3.779297
7/31/2016 8:00 0.060058594 17.578125 88.62304688 29.296875 26.91650391 923.3751831 3.603516
7/31/2016 8:15 0.060791016 18.92089844 89.47753906 28.93066406 25.81787109 924.2879028 3.647461
7/31/2016 8:30 0.05859375 20.01953125 89.53857422 27.46582031 25.26855469 925.1717529 3.515625
7/31/2016 8:45 0.052734375 20.93505859 91.00341797 27.09960938 24.16992188 926.0195313 3.164063
7/31/2016 9:00 0.067382813 22.70507813 100.3417969 21.97265625 19.04296875 927.2213745 4.042969
7/31/2016 9:15 0.060791016 23.07128906 99.79248047 19.77539063 15.74707031 928.1543579 3.647461
7/31/2016 9:30 0.057128906 23.68164063 97.10693359 18.12744141 14.6484375 928.9925537 3.427734
7/31/2016 9:45 0.049804688 23.98681641 97.16796875 17.39501953 14.6484375 929.7982178 2.988281
7/31/2016 10:00 0.050537109 24.29199219 96.37451172 17.39501953 13.91601563 930.5787964 3.032227
7/31/2016 10:15 0.272460938 23.49853516 86.97509766 11.16943359 8.7890625 933.4110718 16.34766
7/31/2016 10:30 0.435791016 23.98681641 90.39306641 15.93017578 14.46533203 939.262146 26.14746
7/31/2016 10:45 0.444580078 24.90234375 94.05517578 17.02880859 14.46533203 945.3818359 26.6748
7/31/2016 11:00 0.372070313 24.84130859 93.68896484 16.11328125 13.36669922 951.2652588 22.32422
7/31/2016 11:15 0.361816406 24.90234375 92.04101563 15.19775391 12.63427734 957.0098267 21.70898
7/31/2016 11:30 0.383056641 24.90234375 90.8203125 15.01464844 12.45117188 962.614502 22.9834
7/31/2016 11:45 0.355957031 24.78027344 90.14892578 14.6484375 12.45117188 968.1564331 21.35742
7/31/2016 12:00 0.393310547 24.65820313 89.84375 14.83154297 12.63427734 973.8023071 23.59863
7/31/2016 12:15 0.38671875 24.65820313 90.27099609 15.01464844 13.18359375 979.3325806 23.20313
7/31/2016 12:30 0.26953125 24.90234375 88.80615234 13.91601563 11.90185547 984.7348633 16.17188
7/31/2016 12:45 0.391845703 25.08544922 89.78271484 15.38085938 13.00048828 990.3538818 23.51074
7/31/2016 13:00 0.372070313 25.08544922 90.45410156 15.19775391 11.71875 996.0336304 22.32422
7/31/2016 13:15 0.3984375 25.08544922 90.51513672 15.93017578 13.73291016 1001.719971 23.90625
7/31/2016 13:30 0.361083984 24.96337891 90.69824219 14.83154297 11.90185547 1007.256775 21.66504
7/31/2016 13:45 0.381591797 25.14648438 89.66064453 14.46533203 11.71875 1012.771179 22.89551
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Table N-2 
 
CAMUSSQL02
Sample Matrix: Beads
Mass Used 50.00g
Head Assay (g/t Au): 37.08
Tails Assay (g/t Au): 13.48
Flow (L/min) Temperature Out Temperature In Pressure In (PSI) Pressure Out (PSI) Flow Totalizer Flow (L/HR)
Start Time 16FIT3399 16TIT3398 16TIT3397 16PIT3396 16PIT3395 16FQIT3399
8/1/2016 13:00
8/26/2016 4:40 0.411 37.6 120.7 35.0 31.13 1023.8 24.7
9/19/2016 20:21 0.000 31.8 96.7 4.9 3.85 1031.3 0.0
10/14/2016 12:02 0.000 26.6 51.0 0.0 0.37 1031.3 0.0
11/8/2016 3:43 0.000 24.5 55.7 0.0 0.00 1031.4 0.0
12/2/2016 19:23 0.722 32.3 109.6 16.3 13.73 1040.0 43.3
12/27/2016 11:04 0.556 32.2 108.6 15.0 11.54 1048.7 33.4
1/21/2017 2:45 0.565 32.4 107.2 14.1 10.62 1057.7 33.9
2/14/2017 18:26 0.510 32.3 106.9 13.2 10.25 1065.8 30.6
3/11/2017 10:07 0.645 32.2 106.0 13.2 9.52 1073.8 38.7
4/5/2017 1:47 0.505 32.6 105.8 12.5 9.16 1081.9 30.3
4/29/2017 17:28 0.508 32.6 105.8 12.6 8.61 1089.5 30.5
5/24/2017 9:09 0.576 32.7 105.2 11.7 8.61 1097.0 34.6
6/18/2017 0:50 0.466 32.4 105.6 11.9 8.79 1104.4 27.9
7/12/2017 16:30 0.519 32.3 105.4 11.9 9.34 1112.1 31.1
8/6/2017 8:11 0.571 32.3 105.3 12.1 8.97 1119.5 34.2
8/30/2017 23:52 0.671 32.3 105.2 11.5 9.16 1127.1 40.3
9/24/2017 15:33 0.654 32.4 105.1 11.2 9.16 1134.8 39.2
10/19/2017 7:14 0.337 32.2 104.8 11.2 8.79 1141.5 20.2
11/12/2017 22:54 0.491 32.1 104.7 11.2 9.16 1149.2 29.4
12/7/2017 14:35 0.491 32.1 104.7 11.2 9.16 1149.2 29.4
1/1/2018 6:16 0.491 32.1 104.7 11.2 9.16 1149.2 29.4
1/25/2018 21:57 0.441 29.9 94.1 8.1 6.04 1156.0 26.5
2/19/2018 13:37 0.401 28.7 88.8 7.3 5.13 1162.4 24.1
3/16/2018 5:18 0.343 28.1 83.2 6.4 4.76 1168.1 20.6
4/9/2018 20:59 0.469 29.2 84.7 9.7 8.24 1175.2 28.1
5/4/2018 12:40 0.469 29.3 85.6 10.4 8.79 1182.3 28.1
5/29/2018 4:21 0.453 29.3 85.1 10.3 9.34 1189.5 27.2
6/22/2018 20:01 0.439 28.7 91.8 11.7 10.07 1196.6 26.4
7/17/2018 11:42 0.482 28.0 96.4 12.5 9.52 1203.9 28.9
8/11/2018 3:23 0.494 27.8 97.3 12.6 9.70 1211.0 29.7
9/4/2018 19:04 0.489 28.1 98.9 12.5 9.89 1218.0 29.3
9/29/2018 10:45 0.423 28.7 101.6 12.5 10.07 1224.6 25.4
10/24/2018 2:25 0.469 28.7 101.0 12.6 9.34 1231.2 28.1
11/17/2018 18:06 0.407 28.4 100.9 12.8 9.16 1237.7 24.4
12/12/2018 9:47 0.430 29.1 101.3 11.9 9.52 1243.8 25.8
1/6/2019 1:28 0.435 29.2 101.0 11.7 9.52 1249.7 26.1
1/30/2019 17:08 0.541 28.4 100.2 11.4 8.79 1256.5 32.5
2/24/2019 8:49 0.359 29.4 100.5 11.7 9.89 1262.8 21.5
3/21/2019 0:30 0.519 28.2 99.4 12.3 8.97 1268.9 31.1
4/14/2019 16:11 0.403 26.7 97.0 11.7 8.06 1275.5 24.2
5/9/2019 7:52 0.468 25.4 95.7 12.1 8.79 1282.3 28.1
6/2/2019 23:32 0.391 24.7 93.7 11.5 8.61 1289.1 23.5
6/27/2019 15:13 0.483 24.0 93.3 11.4 8.42 1295.8 29.0
7/22/2019 6:54 0.411 23.7 93.3 11.5 8.24 1302.5 24.7
8/15/2019 22:35 0.457 23.2 93.4 11.5 8.06 1309.1 27.4
9/9/2019 14:15 0.389 22.8 93.0 11.2 8.24 1315.8 23.3
10/4/2019 5:56 0.393 22.4 92.5 11.2 8.24 1322.3 23.6
10/28/2019 21:37 0.438 22.3 92.1 10.8 7.69 1328.8 26.3
11/22/2019 13:18 0.472 22.2 91.4 11.7 7.87 1335.2 28.3
12/17/2019 4:59 0.437 22.1 91.6 11.5 8.42 1341.6 26.2
1/10/2020 20:39 0.396 21.9 91.9 12.1 8.61 1348.0 23.8
2/4/2020 12:20
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Table N-3 
 
 
 
 
CAMUSSQL02
Sample Matrix: Beads
Mass Used 100g
Head Assay (g/t Au): 37.08
Tails Assay (g/t Au): 5.11
Flow (L/min) Temperature Out Temperature In Pressure In (PSI) Pressure Out (PSI) Flow Totalizer Flow rate (lt/hr)
Start Time 16FIT3399 16TIT3398 16TIT3397 16PIT3396 16PIT3395 16FQIT3399
8/2/2016 16:10 0.33 21.67 71.23 36.25 37.17 1427.80 20.00
8/2/2016 16:25 0.32 28.87 93.87 37.17 34.61 1432.71 19.29
8/2/2016 16:40 0.30 42.05 118.10 34.61 32.23 1437.59 18.11
8/2/2016 16:55 0.30 51.88 121.64 31.31 28.75 1442.24 18.11
8/2/2016 17:10 0.96 54.87 122.13 30.76 29.11 1449.51 57.52
8/2/2016 17:25 0.91 57.62 124.39 32.59 30.03 1464.28 54.62
8/2/2016 17:40 1.00 59.14 123.17 31.68 29.30 1478.69 60.21
8/2/2016 17:55 1.05 60.55 123.29 31.13 28.02 1493.52 63.19
8/2/2016 18:10 0.99 63.90 124.27 32.59 30.76 1508.58 59.68
8/2/2016 18:25 1.01 65.31 124.63 32.41 30.58 1523.00 60.42
8/2/2016 18:40 0.91 62.62 124.76 32.78 30.58 1536.95 54.58
8/2/2016 18:55 0.95 64.88 125.92 33.69 32.59 1551.50 57.26
8/2/2016 19:10 0.92 64.27 125.67 33.69 31.68 1565.96 54.93
8/2/2016 19:25 0.80 65.67 125.61 33.69 31.86 1580.35 47.94
8/2/2016 19:40 1.01 66.41 125.98 34.06 32.41 1594.75 60.34
8/2/2016 19:55 0.98 66.47 125.31 33.51 32.04 1609.35 58.75
8/2/2016 20:10 0.92 67.08 125.31 33.14 31.68 1623.54 55.37
8/2/2016 20:25 0.90 66.71 124.76 32.96 31.49 1638.02 54.18
8/2/2016 20:40 0.91 67.14 125.12 32.78 31.31 1652.05 54.67
8/2/2016 20:55 0.94 67.32 125.00 32.59 31.31 1665.96 56.29
8/2/2016 21:10 0.93 67.69 124.94 33.14 31.68 1680.00 55.59
8/2/2016 21:25 0.84 67.87 124.39 33.14 30.76 1693.84 50.14
8/2/2016 21:40 0.79 67.87 125.00 33.14 31.13 1707.77 47.37
8/2/2016 21:55 0.92 65.25 123.35 31.68 29.85 1721.58 54.93
8/2/2016 22:10 0.98 65.12 123.84 32.78 30.58 1735.66 58.93
8/2/2016 22:25 0.97 66.04 124.39 33.33 31.49 1749.70 58.36
8/2/2016 22:40 0.92 66.16 124.39 33.14 30.94 1763.65 55.15
8/2/2016 22:55 0.94 65.25 123.90 32.41 29.85 1777.43 56.60
8/2/2016 23:10 0.94 62.68 123.47 32.04 29.48 1791.19 56.43
8/2/2016 23:25 1.01 61.89 123.78 32.78 30.03 1805.04 60.86
8/2/2016 23:40 0.92 61.71 123.11 31.13 27.83 1818.75 55.11
8/2/2016 23:55 0.89 57.62 90.76 26.37 27.28 1832.40 53.48
8/3/2016 0:10 0.85 53.71 89.78 25.27 26.00 1845.49 50.84
8/3/2016 0:25 0.83 51.64 81.42 24.35 26.00 1858.12 49.75
8/3/2016 0:40 0.78 48.58 73.12 23.44 24.90 1870.12 46.93
8/3/2016 0:55 0.70 45.41 68.42 20.87 21.61 1880.99 41.88
8/3/2016 1:10 0.69 42.97 62.01 20.69 21.79 1891.46 41.18
8/3/2016 1:25 0.58 37.66 56.27 14.83 15.75 1900.87 34.67
8/3/2016 1:40 0.59 33.69 52.00 14.28 15.93 1909.52 35.24
8/3/2016 1:55 0.56 32.10 48.65 13.37 15.93 1917.90 33.44
8/3/2016 2:10 0.55 29.66 45.47 14.28 15.20 1926.08 32.87
8/3/2016 2:25 0.51 27.28 42.79 12.27 13.37 1934.02 30.59
8/3/2016 2:40 0.46 25.33 40.65 10.07 11.17 1941.18 27.38
8/3/2016 2:55 0.46 23.74 38.64 9.89 11.35 1947.91 27.69
8/3/2016 3:10 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table N-4 
 
 
 
CAMUSSQL02
Sample Matrix: Beads
Mass Used 50.00g
Head Assay (g/t Au): 37.08
Tails Assay (g/t Au): 10.41
Flow (L/min) Temperature Out Temperature In Pressure In (PSI) Pressure Out (PSI) Flow Totalizer l/hr
Start Time 16FIT3399 16TIT3398 16TIT3397 16PIT3396 16PIT3395 16FQIT3399
8/3/2016 13:25 0.000 21.423 26.978 0.000 0.000 1954.064 0.000
8/3/2016 13:40 0.485 21.606 39.063 10.254 11.536 1959.001 29.092
8/3/2016 13:55 0.590 22.156 80.811 19.775 17.761 1967.823 35.376
8/3/2016 14:10 0.620 22.766 84.473 19.226 17.761 1976.717 37.222
8/3/2016 14:25 0.623 24.597 101.501 21.973 17.578 1985.813 37.397
8/3/2016 14:40 0.665 27.832 106.628 23.071 19.409 1995.428 39.902
8/3/2016 14:55 0.700 31.677 108.398 22.705 19.775 2005.330 42.012
8/3/2016 15:10 0.704 35.400 113.159 23.254 20.874 2015.398 42.231
8/3/2016 15:25 0.623 37.659 115.601 22.156 19.592 2024.809 37.397
8/3/2016 15:40 0.596 39.429 114.807 21.973 19.226 2033.837 35.771
8/3/2016 15:55 0.616 40.649 115.784 21.423 18.494 2042.927 36.958
8/3/2016 16:10 0.563 41.931 115.723 22.522 18.860 2051.638 33.794
8/3/2016 16:25 0.483 42.236 115.295 21.606 18.311 2060.201 29.004
8/3/2016 16:40 0.486 42.175 114.563 20.691 17.578 2068.665 29.180
8/3/2016 16:55 0.543 42.480 114.502 20.691 17.578 2077.103 32.607
8/3/2016 17:10 0.578 43.457 114.990 21.606 18.311 2085.552 34.673
8/3/2016 17:25 0.621 43.335 113.953 20.508 17.761 2094.105 37.266
8/3/2016 17:40 0.553 42.725 113.953 19.775 17.212 2102.479 33.179
8/3/2016 17:55 0.587 43.091 113.953 20.508 17.578 2110.832 35.200
8/3/2016 18:10 0.552 43.030 113.586 19.958 16.846 2119.005 33.091
8/3/2016 18:25 0.587 42.664 113.647 19.775 16.846 2127.323 35.200
8/3/2016 18:40 0.625 42.603 113.770 19.592 16.663 2135.008 37.485
8/3/2016 18:55 0.554 43.030 113.892 19.775 17.212 2143.269 33.223
8/3/2016 19:10 0.544 43.335 114.380 20.142 17.395 2151.549 32.651
8/3/2016 19:25 0.604 43.335 113.586 19.958 17.395 2159.780 36.211
8/3/2016 19:40 0.496 43.213 113.708 19.409 17.029 2168.279 29.751
8/3/2016 19:55 0.609 43.457 113.770 19.775 17.395 2176.368 36.519
8/3/2016 20:10 0.478 43.579 113.647 19.775 17.395 2184.444 28.696
8/3/2016 20:25 0.568 43.457 113.647 19.775 17.578 2192.589 34.058
8/3/2016 20:40 0.530 43.274 113.892 19.592 16.846 2200.810 31.816
8/3/2016 20:55 0.612 43.274 113.831 19.775 17.578 2209.370 36.738
8/3/2016 21:10 0.547 43.518 114.136 20.142 17.029 2217.610 32.827
8/3/2016 21:25 0.617 43.640 105.225 18.494 16.846 2226.161 37.002
8/3/2016 21:40 0.501 41.870 83.801 14.648 14.648 2234.289 30.059
8/3/2016 21:55 0.506 41.382 80.750 15.381 15.564 2241.974 30.366
8/3/2016 22:10 0.471 40.588 75.195 16.113 16.113 2249.674 28.257
8/3/2016 22:25 0.489 39.368 69.214 15.747 17.395 2257.130 29.355
8/3/2016 22:40 0.486 37.781 63.782 16.113 17.029 2264.585 29.180
8/3/2016 22:55 0.482 36.377 59.204 15.747 16.846 2271.934 28.916
8/3/2016 23:10 0.465 35.156 55.237 16.296 17.212 2279.074 27.905
8/3/2016 23:25 0.463 33.386 51.147 14.099 15.930 2286.012 27.773
8/3/2016 23:40 0.453 31.799 47.791 13.550 15.015 2292.709 27.158
8/3/2016 23:55 0.437 30.762 45.349 14.282 15.381 2299.360 26.191
8/4/2016 0:10 0.415 29.419 43.091 13.550 15.381 2305.981 24.873
8/4/2016 0:25 0.428 28.259 41.016 14.099 14.648 2312.395 25.664
8/4/2016 0:40 0.434 27.344 39.490 13.916 14.832 2318.692 26.016
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Table N-5 
 
 
 
 
 
 
 
CAMUSSQL02
Sample Matrix: Beads
Mass Used 50.00g
Head Assay (g/t Au): 37.08
Tails Assay (g/t Au): 4.28
Flow (L/min) Temperature Out Temperature In Pressure In (PSI) Pressure Out (PSI) Flow Totalizer Flow rate
Start Time 16FIT3399 16TIT3398 16TIT3397 16PIT3396 16PIT3395 16FQIT3399 (Lt/hr)
8/4/2016 9:00 0.00 15.32 20.63 0.00 0.00 2320.50 0.00
8/4/2016 9:15 0.22 15.44 21.79 6.04 7.32 2324.38 13.23
8/4/2016 9:30 0.47 15.50 60.49 17.76 17.76 2329.65 27.91
8/4/2016 9:45 0.41 15.63 73.97 17.94 15.38 2335.37 24.35
8/4/2016 10:00 0.34 15.63 80.69 15.20 12.82 2340.84 20.21
8/4/2016 10:15 0.24 18.92 115.23 35.52 29.11 2345.28 14.19
8/4/2016 10:30 0.29 24.17 108.15 15.75 10.99 2352.65 17.23
8/4/2016 10:45 0.63 19.90 99.98 11.90 8.24 2356.24 37.57
8/4/2016 11:00 0.19 22.28 100.95 11.72 7.51 2363.75 11.47
8/4/2016 11:15 0.26 19.29 75.20 3.85 2.56 2365.22 15.64
8/4/2016 11:30 0.59 23.19 102.72 25.63 21.61 2371.93 35.60
8/4/2016 11:45 0.59 25.21 107.36 26.73 23.44 2380.95 35.68
8/4/2016 12:00 0.10 26.06 107.73 25.45 22.52 2388.94 6.15
8/4/2016 12:15 0.58 26.98 107.42 25.45 20.69 2393.11 34.63
8/4/2016 12:30 0.61 27.83 106.69 24.90 20.69 2401.59 36.78
8/4/2016 12:45 0.58 28.38 105.77 24.17 20.69 2410.15 34.85
8/4/2016 13:00 0.57 29.24 106.20 24.17 20.87 2418.59 34.41
8/4/2016 13:15 0.56 29.97 106.75 23.80 20.32 2427.03 33.35
8/4/2016 13:30 0.55 30.70 106.99 24.17 21.06 2435.35 32.96
8/4/2016 13:45 0.57 32.35 107.73 23.62 20.87 2443.68 34.23
8/4/2016 14:00 0.57 33.08 107.91 23.80 20.69 2452.14 34.01
8/4/2016 14:15 0.08 33.51 107.79 23.99 21.24 2456.83 4.83
8/4/2016 14:30 0.58 34.73 108.28 23.80 21.42 2463.52 34.98
8/4/2016 14:45 0.56 35.16 108.40 23.99 21.24 2471.82 33.71
8/4/2016 15:00 0.54 35.89 108.40 23.07 20.69 2479.71 32.43
8/4/2016 15:15 0.08 36.19 107.97 23.07 20.69 2484.51 4.70
8/4/2016 15:30 0.51 36.07 105.96 20.51 18.31 2490.86 30.72
8/4/2016 15:45 0.37 34.30 101.56 14.47 12.63 2497.22 22.28
8/4/2016 23:29 0.28 20.81 116.58 42.11 34.61 2502.50 16.74
8/4/2016 23:44 0.33 42.66 121.77 41.20 36.25 2507.87 19.86
8/4/2016 23:59 0.70 55.66 129.09 42.48 38.09 2516.63 41.88
8/5/2016 0:14 0.79 61.10 128.97 41.75 37.17 2527.84 47.15
8/5/2016 0:29 0.32 57.25 87.71 43.21 43.21 2535.74 19.12
8/5/2016 0:44 0.30 50.72 82.52 43.03 42.30 2540.38 18.02
8/5/2016 0:59 0.30 46.02 82.15 42.11 42.30 2544.82 17.75
8/5/2016 1:14 0.31 42.48 69.27 42.30 42.85 2549.22 18.37
8/5/2016 1:29 0.31 38.82 64.70 41.20 41.75 2553.89 18.68
8/5/2016 1:44 0.31 35.52 59.57 41.75 42.11 2558.50 18.37
8/5/2016 1:59 0.00 0.00 0.00 0.00 0.00 0.00 0.00
8/4/2016 16:00 Null Null Null Null Null Null #VALUE!
failure
power failure at 16:00, Strip was continued at 23:30
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Figure N-1 
 
Figure N-2 
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Figure N-3 
 
Figure N-4 
 162 
   
 
Figure N-5 
 
 
Figure N-6 
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Figure N-7 
 
 
Figure N-8 
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Table N-6 
 
CAMUSSQL02
Sample Matrix: Beads
Mass Used 180.00
Head Assay (g/t Au): 15.54
Tails Assay (g/t Au): 1.52
Percent Stripped (%) 90.22
% NaOH 1.10
Total Volume Passed (L) 98.86
pH 13.54
Reactor Volume (L) 1.18
Bed Volumes Passed 83.69
Stripping Time (h) 8.75
Cross Sectional Area (m^2) 0.01
Superficial height reached (m) 19.67
Flow (L/min) Temperature Out Temperature In Pressure In (PSI) Pressure Out (PSI) Flow Totalizer
Start Time 16FIT3399 16TIT3398 16TIT3397 16PIT3396 16PIT3395 16FQIT3399 Au (g/t) Cu(g/t) Fe (g/t) Ni (g/t)
10/16/2016 7:20 0 11.10839844 14.46533203 0 0 3940.314697 33.818 28.635 59.29 372.43
10/16/2016 7:35 0.17578125 10.62011719 74.21875 44.12841797 40.10009766 3942.624756
10/16/2016 7:50 0.169189453 13.85498047 84.9609375 41.015625 36.07177734 3945.255615
10/16/2016 8:05 0.176513672 21.484375 102.9052734 41.74804688 34.97314453 3947.880127
10/16/2016 8:20 0.179443359 30.94482422 106.4453125 39.00146484 33.87451172 3950.524414
10/16/2016 8:35 0.180175781 39.12353516 107.8491211 38.45214844 33.32519531 3953.170166
10/16/2016 8:50 0.188964844 45.59326172 110.5957031 37.35351563 32.95898438 3955.924072
10/16/2016 9:05 0.185302734 50.04882813 115.3564453 37.53662109 32.95898438 3958.735107 26.348 27.853 47.666 377.69
10/16/2016 9:20 0.197021484 53.95507813 117.1875 40.64941406 35.52246094 3961.750488
10/16/2016 9:35 0.194091797 56.88476563 117.7978516 39.36767578 34.60693359 3964.632324
10/16/2016 9:50 0.191894531 58.83789063 119.4458008 38.0859375 34.42382813 3967.495361
10/16/2016 10:05 0.19921875 60.36376953 120.6054688 37.17041016 33.14208984 3970.355957
10/16/2016 10:20 0.659179688 61.27929688 118.7744141 36.80419922 32.77587891 3975.140625
10/16/2016 10:35 0.191162109 61.5234375 118.1640625 35.88867188 32.2265625 3979.491455 30.354 28.165 56.84 361.377
10/16/2016 10:50 0.202148438 62.80517578 120.9106445 43.02978516 40.28320313 3984.054199
10/16/2016 11:05 0.198486328 63.96484375 119.8730469 42.29736328 38.63525391 3987.111816
10/16/2016 11:20 0.202148438 64.20898438 118.2861328 40.64941406 37.35351563 3990.069336
10/16/2016 11:35 0.197753906 64.39208984 116.7602539 39.91699219 36.98730469 3992.951172
10/16/2016 11:50 0.195556641 64.57519531 116.027832 39.55078125 36.43798828 3995.80835
10/16/2016 12:05 0.192626953 64.453125 115.6616211 39.00146484 35.88867188 3998.664795 29.477 30.481 58.09 367.311
10/16/2016 12:20 0.186035156 64.39208984 119.0795898 40.10009766 35.88867188 4001.520752
10/16/2016 12:35 0.186767578 64.20898438 116.4550781 38.63525391 35.33935547 4004.372559
10/16/2016 12:50 0.186035156 64.27001953 115.8447266 39.18457031 36.07177734 4007.218018
10/16/2016 13:05 0.1875 63.84277344 115.234375 39.00146484 35.33935547 4010.013916
10/16/2016 13:20 0.181640625 63.35449219 116.2719727 38.26904297 34.97314453 4012.707764
10/16/2016 13:35 0.182373047 63.29345703 115.1733398 38.0859375 34.97314453 4015.362549
10/16/2016 13:50 0.179443359 63.04931641 115.1733398 38.26904297 34.60693359 4018.01001
10/16/2016 14:05 0.181640625 62.92724609 116.0888672 38.63525391 34.97314453 4020.648926 27.414 31.69 60.87 375.081
10/16/2016 14:20 0.178710938 62.5 118.4082031 39.36767578 35.52246094 4023.315918
10/16/2016 14:35 0.17578125 62.5 116.8823242 38.26904297 34.42382813 4025.955322
10/16/2016 14:50 0.176513672 62.43896484 116.5161133 38.26904297 34.79003906 4028.592041
10/16/2016 15:05 0.177246094 62.07275391 114.0136719 38.0859375 33.69140625 4031.22583
10/16/2016 15:20 0.171386719 62.74414063 117.4316406 38.45214844 34.60693359 4033.862549
10/16/2016 15:35 0.166259766 62.07275391 107.9101563 35.15625 32.2265625 4036.497559
10/16/2016 15:50 0.146484375 59.26513672 75.50048828 29.296875 29.47998047 4038.807373
10/16/2016 16:05 0 35.94970703 45.34912109 0 2.014160156 4039.175049 End of Strip
10/16/2016 16:20 0 24.04785156 31.37207031 0 0 4039.176025
10/16/2016 16:35 0 20.5078125 24.71923828 0 1.098632813 4039.176025
10/16/2016 16:50 0 21.72851563 21.66748047 0 2.014160156 4039.176025
10/16/2016 17:05 0 22.21679688 20.01953125 0 2.197265625 4039.176025
10/16/2016 17:20 0 19.34814453 19.16503906 0 1.098632813 4039.176025
10/16/2016 17:35 0 16.11328125 18.79882813 0 0.183105469 4039.176025
10/16/2016 17:50 0 14.34326172 18.12744141 0 0 4039.176025
10/16/2016 18:05 0 13.61083984 17.94433594 0 0 4039.176025
10/16/2016 18:20 0 13.18359375 17.76123047 0 0 4039.176025
10/16/2016 18:35 0 12.45117188 16.84570313 0 0 4039.176025
10/16/2016 18:50 0 12.63427734 17.15087891 0 0 4039.176025
10/16/2016 19:05 0 12.6953125 17.33398438 0 0 4039.176025
10/16/2016 19:20 0 12.75634766 17.21191406 0 0 4039.176025
10/16/2016 19:35 0 12.57324219 16.84570313 0 0 4039.176025
10/16/2016 19:49 0 12.39013672 16.78466797 0 0 4039.176025
10/16/2016 20:04 0 12.45117188 16.78466797 0 0 4039.176025
10/16/2016 20:19 0
Assays
Average Superficial Height Reached in Strip 
Vessel (m)
39.30
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 Appendix O, ToF‐SIMS images for selected species along with Au(CN)2 7.15
spectra on the surface of coated beads from the fresh (not loaded) and 
loaded carbon beads 
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Figure O-1. TOF –SIMS images for listed species and spectra in the 
mass region of Au(CN)2 on the surface of a loaded carbon coated bead 
 
Figure O-2. TOF –SIMS spectra in the mass region of Au, AuCN and 
Au(CN)2 on the surface of a loaded carbon sphere along with a Table 
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showing the corrected intensities (CI) for selected Au mass positions 
 
 
Figure O-3: TOF –SIMS images for listed species and spectra in the mass 
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region of Au(CN)2 on the surface of a fresh (not loaded) carbon coated bead 
 
Figure O-4. TOF –SIMS images for listed species and spectra in the mass 
region of Au(CN)2 on the surface of a fresh (not loaded) carbon coated bead 
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 Appendix P, Complete BET analysis results 7.16
 
 
 
 
Figure P-1: Pore size distribution for fresh activated carbon and treated polystyrene carbon 
coated beads 
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Figure P-2: Pore size distribution for fresh activated carbon and treated polystyrene carbon 
coated beads 
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Figure P-3: Surface area and pore volume date on fresh activated carbon and treated polystyrene 
carbon coated beads content 
 
 Appendix Q, Complete set of toughness testing results 7.17
 
 Table Q-1: Toughness of fresh beads, and Au loaded polystyrene-coated beads 
 
Bead 
No. 
Diameter Toughness 
Bead 
No. 
Diameter Toughness 
(mm) UT (J m
-3
/ Pa) (mm) UT (J m
-3
/ Pa) 
        
1 3.20 4931636 9     4.15 2919607 
2 3.43 4112498 10 3.61 4346702 
3 3.68 2616414 11 3.99 3290550 
4 3.33 4269843 12 3.72 2699478 
5 3.66 4028419 13 3.23 4760077 
6 4.04 2768827 14 3.52 6288298 
7 3.97 3128448 15 3.98 3473211 
8 3.86 2451397 16 3.5 4682569 
  Average 3538434   Average 4057561 
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Figure Q-1:plotes for force versus  distance  for bead 1 to 4 for fresh beads 
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Figure Q-2: plots for force versus distance  for bead 5 to 8 for fresh beads 
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Figure Q-3: Plots for force versus distance  for bead 1 to for Au loaded carbon coated beads 
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Figure Q-4:  Plots for force versus distance for bead 5 to 8 for Au loaded carbon coated beads 
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8 Nomenclature 
Symbol Meaning 
PSAC polystyrene activated carbon 
AC activated carbon 
CIP carbon-in-pulp 
CIL carbon-in-leach 
RIP Resin In Pulp 
PS Polystyrene 
Kg Kilogram 
Oz Ounces 
Yr Year 
EW Electrowining 
T Tonne 
g/t grams/tonne 
NaOH sodium hydroxide 
g/Lt grams/liter 
mg/Lt milgram/liter 
BET Brunauer–Emmett–Teller 
m
2
/g meter square/gram 
mg/g milgram/gram 
 177 
   

2)(CNAu  Aurocyanic 
bv/hr bed volumes per hour 
bed volume Bv 
AuCN gold cyanide 
AARL Anglo American Research Laboratory 
KPa kilo pascal 
CaO Lime 
Ca(OH)2 slaked lime 
HCL Hydrochloric 
HNO3 nitric acid 
mm Millimeter 
% Percent 
PS-DVB polystyrene-divinyl benzene 
SBR strong-base resins 
BPO
 
benzoyl peroxide
 
PVA poly(vinyl alcohol 
BOP benzoyl peroxide 
LME laboratory mixer/extruder 
rpm revelation per minute 
mL Milliliter 
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IX ion exchange 
TGA thermogravimetric analysis 
XRD x-ray Diffraction 
SEM scanning Electron Microscopy 
P/P0 relative pressure 
min Minutes 
mL/min milliliter/minute 
SEM/EDXA scanning electron microscpe/energy dispersive spectrometer 
SE secondary-electron 
BSE back-scattered electron 
TOF‐SIMS time of flight secondary ion mass spectrometry 
Au Gold 
CN Cyanide 
L Litter 
m3/hr meter cubed /hour 
LACF loaded Activated Carbon fines 
HCN hydrogen cyanide 
psi pound per square 
TSSA technical standards and safety authority 
PLC programmable logic controller  
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ASTM  american society for testing and materials          
hrs Hours 
PPM parts per million 
FAAS flame atomic absorption spectroscopy 
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